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2 June 19^ 
r 

from: 
lo    : 

Sub j: 

He f.: 

find: 
(Hrf) 

The Chief of the Bureau of Ordnance 
The Chief of Ordnance, War Department 

Aircraft Armor, Efficient Design of, 

(a) tfatertown Arsenal Laboratory Experimental Report So» WAL 7IO/506 
Aircraft Armor 

(b) HPG Report Ho. 21-43 - Ballistic Testing of Armor, Rev. A 
(c) UPG Report Ho. 11-^3 

(A) Three  (3) copies of ref.   (0) 

1. Page 7 of reference (a) under "Test Procedure" states:  "Complete 
penetration according to the traditional Uavy Limit criterion is attained 
when a projectile passe? through the plate and remains intact.    Since a bal- 
listic limit is not reached until complete penetration occurs, ballistic limits 
according to such a criterion as has been the Navy's cannot be expected to be 
determinable at obliquities of 20° or greater.    Yet Navy ballistic limits on 
such plate8 at such obliquities have frequently been reported." 

2. The above statement is based on reference (c), where referring to 
a particular type of equation for armor penetration,  it is stated that the 
equation is subject to certain limitations, one of which is that the limit 
velocity must be the Navy limit, which is the velocity at which the complete 
projectile just passes through the plate and falls undeformed on the other side. 
The expression "Javy Limit" is not quite correct in this connection.    The offi- 
cial definitions of limit velocity and complete penetration are defined in 
enclosure (A).    It will be noted that on page 3, part two,  the "Ballistic Limit" 
is defined as,  "that striking velocity of a projectile which will permit the 
bullet to penetrate the plate and just fall behind it," without any reference 
to a requirement that the projectile be undeformed.    On the contrary, on page 6, 
part two,  of the enclosure, referring to  the test of face-hardened armor,  it is 
etated,   "A complete penetration on this type of armor is therefore considered 
to be any through hole in the plate which would allow the major portion of the 
projectile to pass through the plate". 

3. - According to  the»' definitions of "limit velocity" Ä4 "complete pene- 
tration" of reference (bj,  taere is r.o inceuisistci'..   :>.r reporting ballistic 
limits at obliquities where the projectiles break -ip.    The statement in refer- 
ence  (a),  quoted in paragraph 1, may cause cenfutiou and misgivings on the part 
of contractors suppling armor under Navy specifications.    It is therefore re- 
quested ttoftt the statement in reference  (a) be clarified, and that the clarify- 
ing statement be distributed to all holders of reference (a). 

£A 

CC; matertown Arsenal 
"Xk With copy of ref.  (a)) 

G. P. KUSS2Y, JR. 
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Watertown Arsenal Laboratory 
Experimental Report So. ¥AL 7IO/506 
Final Report on Problem 3-3.1 31 January 1944 >/ 

AIÄGEA2I AHMOS 

An Empirical Approach, to the 
.1 1 W 

t ^ r T E 8 

Efficient Design of ■ Armor for AircrafteN,    ncQ 3     1934 '.;• 

r  ■     03Ji,CS j;   •,, ,     ^f   A 
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Jo collate,  integrate ana analyze data concerning the ballistic 
characteristics of steel and lighter alloys and present the results in 
a form suitable for use by the designer and fabricator of aircraft armor. <- 

Known data concerning the ballistic characteristics of face-hardened 
steel, rolled homogeneous steel,  duralumin and Bovmetal have been 
collated and analyzed.    Wherever desired data have- been scarce or non- 
existent,  firings have been conducted to supply the necessary information. 

Factors affecting t.10 manner of failure of armor have been reviewed 
in an effort to  explain the alternative superiority of different materials 
under different conditions of attack.    It is apparent that, where the 
lower density of a material allows its use in thicker sections without 
additional weight,  dimensional conditions arise favoring the ability of 
such a material to resist perforation.    Ehus duralumin which is only 
O.36 times as dense as steel may overmatch an attacking projectile while 
an equivalent weight of steel may be overmatched 'oy the same projectile. 
Under  such conditions ix. i3 possible that the steel will require less 
projectile energy to bring about failure.    The ability of a material to 
break up attacking projectiles is considered to be ?. potent factor in 
promoting one material's superiority over other materials. 

Data have been tabulated and represented graphically, and by various 
superposition of these graphs estimates of the precise conditions under 
which one material surpasses others have beer. made.    A graph enabling 
the designer to maka a substantially accurate determination of the most 
efficient feasible design of armor .ias boou drawn in Figure 2lA. 
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The reactions of the several materials to/ shock, high velocity- 
perforation and lev temperatures have Been discussed. 

As a result of this study the following observations have been made. 

1. Under no contemplated conditions will the use of. rolled homo- 
geneous steel or Douaetal assure the maximum resistance (to perforation 
by small arms projectiles) per unit weight employed« & 

a. In general, when the obliquity of emplacement xdth        t?'•*-„. L 
respect to the anticipated line of fire is greater than. 52°» 
or when the ratio of plate thickness (weighed) to projectile 
core diameter is less than 0*6,  the use of ahSC duralumin will 
assure maximum resistance    (to perforation "oy small arms projectiles) 
per unit weight employed. 

b. Under all other conditions, the use of face-hardened steel 
armtr will assure maximum resistance to perforation. 

2, Under some conditions,  the resistance (to shock) of rolled homo- 
geneous steel arjior is superior to that of face-hardened steel« 

3«    Except in the case of attack by direct impact of high explosive 
projectiles,  tue shock resistance of 2^ST duralumin is equivalent to or 
better than that of steel* 

k.    Coincident with failure 'ay perforation of armor-piercing projectiles, 
24ST duralumin exhibits a tendency toward spallin^. 

5. I«ow temperature enhances the resistance to perforation of 2**SI 
duralumin, rolled homogeneous steel and face-hardened steel« 

6. Although low temperatures may affect deleteriously the shock 
resistance of steel, they apparently do not lower the shock resistance 
of duralumin. 

7. Inasmuch as it is considered that resistance to perforation is 
of prime importance in any consideration of aircraft armor, design may 
well be based on observation 1« 

I. 

mm 

{ 

8.    The most strategic placement of armor will vary from time to 
time with the tactics of the opponent and contemporary' design may best 
be decided on the basis of study of the very latest intelligence reports 
from tue theaters of operations. 

9«    Under attack of projectiles of larger caliber, or different 
design or quality, the region of superiority of ZkST duralumin over 
faee-hardened steel may be expected to be extended« 

APP20YSD. 
J. 7. Sullivan 
Jr. aigineer 

H. H.  ZGSiHG 
Colonel, Ord. öept. 
Director of Laboratory/^///f^g^.Wl)   ) ) '< ' 'i) 
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RESULTS AL;D DISCUSSION 

A.    Resistance tt Perforation    

1. Effects of Plat« Hardness an Resistance to 
Perforation "by Current  Small Anns Projectiles 

2. i-iechanisms of Perforation of Anno;-  

a. Pace-Hardened Steel   . 

b. Holled Homo&eneous Steel      

c. Duralumin. .  .  .  .  *  

d;    Dowmetal      

c, Comparison of I-iateriais  

3. limits of Resistance to Perforation    

a, Pace-Hardened Steel    

b. Rolled Homogeneous  Steel    . 

c_. Duralumin and Dowmetal «   . 

d. Isormal Incidence  

e. Obliquity - 30°    

f. Obliquity - ^5°   

£.    Obliquity - o0°  

U«    Protection irtm Projectiles of Giver» Striking Velocity 

5. Areas of Vulnerability •• 

6. Sxtrape lability of Trends Indicated by Those Data .  . 

5.    Shock Properties  

1. 20 ma. H,S. Projectiles   

2. Impact of Yawed Prejectilen   

C. High Velocity Perforation   
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2. General Considerations  
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Figure 1 

Figure 1A 

Figure IB 

Figure 1C 

Figures 2 

Comparison of actual Thicknesses of Materials of 
Various Density Heeded to Yield Equivalent Values 
of (e-j/d) and (e^/d cos 6). 

> 

Variation in Thickness of Materials Different in 
Density tut Equivalent in Weight per Unit Surface Area. 

Variation in actual Thicknesses of Materials of Various 
Density and Obliquity of Installation but Equivalent 
in Weight Snpioyed in Shielding a Unit Area tfornal to 
the Direction of Projectile Incidence. 
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- Effect »f Variation in Ratio of Plate Thickness t» 
Projectile Diameter on iiecnanicn of Failure. 

t« 5 - The Thompson Coefficient   (F)  as a Function rf Obliquity 
(e)  and of the Hatio of Plate Thickness  (e),  Corrected 
to the Thickness of Steel of Equivalent "Jeight per 
Unit Surface Area (c^),  to the Projectile Core Diameter 
(d),  with Allowance for the Greater Amount of Obliquely 
Installed haterial Necessary to  Shield a Unit Area Honaal 
to  the Line of Fire (cj/d ccs Ö). 

Figure 2 - Face-Hardened Steel 

Figure 3 - Soiled ünmoger.eous Steel 

Figure U - Duralunin 
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Figures c to ') - The Tnunpson Co efficient   (?)  an a Function of Plate 
Material and of the Ratio  of Plate Thickness  (e), 
Corrected to  the Thickness -if Steel »f Equivalent 
'.'/ei.;ht per Unit  Surface ^-ea (eO,   to the Projectile 
Ccro Diaa-jter (d), with allowance for the Greater 
Amount of Obliquely Installed Material Heeessary to 
Shield a Unit Area Ilonaal to the Line of Fire 
(«i/d cos Q). 

Figure ö - 0° 

Figure 7-30° 

Jlsuro 5 - U5° 

Figure S - 60° 
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Area "formal to the Line of lire (e^/d cos 6). 

Figure 10 - Face-Hardened Steel 

Figure .' 1 - Rolled Homogeneous Steel 

figure 12 - Duralumin 

Figure 13 - Dtvrmetal 

Figures Ik to 17 - Limit of Resistance to Perforation as a Function of 
,     _.     platc -aterial gg^ 0f tne 2atio of Plate Thickness 

(e), Corrected tc the Thickness of Steel of Equivalent 
Weight per Unit Surface Area (e1),  to  the Projectile 
Core Diameter (d), with Allowance for the Greater 
Amount of Obliquely Installed liaterial Necessary to 
Protect a Unit Area Normal to the Line of Fire 
(e^/d coo 0). 

Figure lU - 0° 

Figure 15 - 30° 

Figure 16 - U5C 

Figure 17 - 60* 

Figures lo to 21 - Ratio of Plate Thickness (e),  Corrected to Thickness 
^ gtae^ Q., ^ji^alcat Weight per Unit Surface Area 
(ei),  tc Projectile Core Diameter  (ei/d) Necessary 
tc Resist Perforation by Sal.  .30 A? K2 or Col.  .50 
AP 112 Projectiles of Yarious Striking Velocities 
at Various Degrees of Obliquity (C). 

Figure IS - Face Hardened Steol 

Figure IS - Rolled Homogeneous Steel 

Fig-ore 20 - Duralumin 

Figure 21 - Dewmotal 
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Figure 21A - An Sapirical 3asis for the Efficient Design (with      5 1. 
Respect to Protection Afforded per Unit Weight 
Employed) of Aircraft itraor Ejected to 3.- Attached 
with Cal.   .30 AP i-12 or Cal.  .50 AP Hü Projectiles. 

Figures 22 to 25 - Circumstances, with Respect to Obliquity  (6) and        4'/ 
~ '"""     '      ""     Ratio of Plate Inicknesfc,  Corrected to Thickness 

of Steel of Equivalent Weight per Unit Surface Area, 
to Projectile Core Diameter {Q-JC) , under Ißiich. Each 
Material I-; Superior and Inferior to Other Materials. 

Figure 22 - lace—Haruwi^u Steel 

Figure ?.;: - Belled Homogeneous Steel 

Figure 2U - Duralumin 

Figure 25 - Dowmetal 

Figures 26 to 2g - Half-areas cf Vulnerability for Different i.aterials   i s 

_™_..-„.._„,„ ujiäer Different Ratios of Plate Thickness,  Corrected 
to Thickness of Steel of Equivalent Weight per Unit 
Surface Area, to the Projectile Core Diaxaetor. 
(Based on Cal.   .50 AP 112 Firings). 

Figure 2o - e^d - 0.6 

Figure 27 - ej/d = 0,8 

Figure 2S - e^d = l.C 

Figure 29 - ex/d = 1.2 

Figure 30 

Ji^* 31 

Effect of Change in Ratio of Plate Thickness, Adjusted 
For Density Variations,  to Projectile Caliber  (e^/d) 
on Vulnerability Areas for the Various Materials. 

Typical Each Condition of 2^51 Duralumin Plate after 
Tests with Cal.   .30 *P U2,  Cal.   .50 *P i-12 (Yawed and 
Unyawel) and 20 ma. K,S. Projectiles. 

}<o 

I 
■i>,y,'.}.■. vmr.imwmnunum 

\ 

•j'--y-'-'--'-*-*-«-" •■ ■ •■■■iii ■»    -■ -   ' I      ■     V    ■■■!■      ■     fc^^^n^-A-^ 



'- ?f7%g Sf "-'^;'---!»«8^ y*-\*-j~***r W " '"V.^i 

a 
h '.' 

c« 

In txio tabulation of data in this report m/dy is evaluated in terms 
tf pounds-per— cubic-foot, but, in order to keep the expression e/d 
dimensionleos, both_e and d, as used in the latter ratio, are evaluated 
in terns of inches,  since e, is popularly evaluated in terns pf inches. 
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In nearly every use of ar^or it is important tiia.t the maximum 
protection be afforded by the minimum expenditure of material. 

Perhaps in no other application, however,  is the object of getting 
the greatest protection from the least weight of arjnor of more importance 
than in the design and fabrication of aircraft armor.    In the case of 
an aircraft, an increase in weight which,  in some other application might 
be considered insignificant, may well affect its speed and maneuverability 
so adversely as to cause it to lose some tactical advantage which it 
might otherwise erjoy because of a favorable differential in these respects. 

It is,  therefore, of the utmost importance that designers and 
fabricators of aircraft armor be apprised of the ballistic characteristics 
of armor materials of various densities under variable conditions cf 
attack so that they may more competently make decisions as to the proper 
selection and installation of aircraft armor materials. 

It is to this end,  then,  that an attempt has been made in this 
work, authorized by the Office, Chief of Ordnance,'1) to collate, 
integrate and analyze available data of these types and to present the 
results of such analyses in a manner suitable for use by the designer 
or fabricator of aircraft armor. 

m 0.0. U70/h330(r) - i/tn U70.5/5876(r) - U7 0.0. U7O.55,  See Appendix Z. 
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jprom time to time, and :'rom several sources,  there has arisen the 
contention that,  on the basi!> of equal weights per unit surface area of 
armor employed, protection equivalent to that afforded "by the traditional 
use of steel might "be provided "by materials of lighter alloy. 

About a decade ago, Honda,^/  in a study of so-called "bullet- 
resisting" alloys,  found that,  of seven non-ferrous materials investigated, 
the aluminum alloy,  duralumin, on the basis of weight for weight, offered 
greatest resistance to perforation by standard (cal.   .25) Japanese 
ammunition. 

Tests conducted at  this arsenal^' and at Aberdeen Proving Ground*  ' 
revealed that, when used as components in composite armor assemblies, 
aluminum alloy sheets exhibited resistance character!sties comparable 
with those of steel in the same application. 

(P.) 
In work conducted prior to 133& at the Java! xtesearch Laboratoryv-" 

it was found that if plots of core limit energy per unit plate tnickness 
were run versus hardness or versus ultimate tensile strength,  a rough 
proportionality independent of large variations in plate density appeared. 
The fact that this study showed the inertia of the plate material to be 
of much less importance than hardness or •ultimate tensile strength gave 
much greater credence to the contention that there might be developed a 
material of low density which would have ballistic characteristics 
comparable to those of steel. 

Subsequent tests by tne same laboratory^)  established that duralumin 
at high obliquities cr at low incident velocities was superior,  in 
j— —- 
KC/"Bullet Resisting Alloys."    Eotura Honda.    Japan Nickel Review.    Volume 

1, Number 1,    April 1933' 

^'Pirst to Jifth Reports of Tests on Composite Plates.    D. J. Kartin. 
n'atertown Arsenal Laboratory Reports, Hoc. W..A-  710/lU,  W.A.  110/2}, 
W.A.  710/24, tf.A.   710/28, tf.A.  710/29.    Jgril, May l^k. 

(k) 
One Hundred and Seventy Jifth Partial Report on Test of Thin Armor 
Plato.    Pirot Report on Tuet of Sxperimental Composite Plates Com- 
pounded of Armor.    Aberdeen Proving Ground.    2, 30 i'oveober, 1, 11, 
12 December 133J. 

5'Second Partial Report on Light Armor Investigation.    0.  Irwin.    Naval 
Research Laboratory.    URL Report No. O-IU29.    3 March 1338. 

'SightD Partial Report on Light «xmor Investigation.    She Performance 
of Hüllet Proof St^ol and .aluminua Alloys against  Small Caliber A.?% 

Bullets ...    G. R.  Irwin and C. R. kiagsbjraL,.    Naval Research 
Laboratory.    NRL Report lio. O-I745.    22 t-.ay 1541. 
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resistance to perforation, to steel of equivalent weight per square foot. 

Meanwhile, at this arsenal and at other test facilities there have 
been conducted several isolated ballistic tests(7)-(22) of materials of 
light alloy, hut there has been apparently little correlation of the 
results of this work. 

(7)Fourth Partial Report or. Litrht  Armor Investigation. Laminated, 
Spaced and Compound Plates. G. Irwin. Naval Research Laboratory.' 
NHL Report No. O-lUUt. lU April 1938. 

(?)Fifth Partial Report on Light Armer. The Sffect of Yaw upon 
Penetration ... G. Irwin and R. A. Webster, Naval Research 
Laboratory. NHL Report No. O-I5HO. 19 June 1939. 

(9)Seventh Partial Reptrt on Light Amor. Light Armor at High Obli- 
quities, Oblique Shields and the Use of Duralumin for Armor Protection. 
G. Irwin. Naval Research Laboratory. NHL Report No. 0-l600, 
21 March 19UO. 

(lO)Development Test of Duralumin, Firing Record No. 2UUf2-A5'4l. 
Aberdeen Proving Ground. 25, 26 April 1, 5 May 1941. 

(11)Duralumin (24ST). tf.A. 470.5/4549, 23 May 1942. 

(12)Duralumin (2UST). V.A. 47C.5/U753. 8 July 1942, 

(13)Duralumin (2UST). './.A. 470.5/5017. 31 July I9U2. 

(lU)Devel«pment Test of Magnesium and Aluminum Armer Plate. Firing Record 
Nc. A4704, The Pr»ving Center, Aberdeen Proving Ground. 2,3, 
4 August 1942. 

(3.5)Devel»pment Test *f 2UST Dural Plates. Firing Record No. A4304, The 
Proving Center, Aberdeen Proving Ground. 17 August 19^2. 

(l6)Dcwmetal (JIH). U.A. ^70.5/5134. 7 September 19^2. 

(l7)Duralumin (blST). ",'.A. U70.5/5U16. 27 October I9U2. 

(iS)Dowmctal (JlH). V.A. *70.5/5482. 11 November 194?. 

(l9)D^velopment of 2liST Duralumin for Aircraft Armor. Report No. AD-69. 
Tho Proving Center, Aberdeen Proving Ground. 11 tc 28 November 1942, 

(^•)Devel«pmfti.t Ttnt of XA-7^ S-T Aluminum All->y Aircraft Armor. Report 
No. AD-218. T^e Proving Center, A^rdeer: Proving Ground.  30 Jan. 1943. 

(2l)Ballistic Tost of Duralumin (2UST) at Sub-Zero Temperatures. Renrrt 
No. AB_?lf7.  lU, m  February I3U3. 

(??)31eventh Partial Hepcrt on Light Armor. Yav versus Bullet Protection 
for Homogeneous Stoel Armor Plates, Tipping Screen Data, a^.d a 
Discussion ff 24ST Aluminum Deflector Plates. G. R. Irwin, 
C. H. I'ingsbury and A. V. J. Clark, Naval Research Laboratr-ry. 
NHL Report No. 0-206S. 19 May 1943. 
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(2^Soo rCrer,nc^ (2), (3), (-), (5). (S). 

* "''Gee reference (5). 

^ -".aircraft ira&r. Ballistic Ckaracteristics cf a i.a£neoius Alloy, 
Dowaetol (Type ?S~). J. J. Sullivan, './ater tovn «xcenal Laboratory 
Sxperimeatal Heport Je. «kh 710/265. 22 October I5UJ. Table VI. 

Figure 7. 
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Simultaneously, there have been conducted tents (too numerous to 
recite) of face-hardened and rolled homogeneous armor of thicknesses 
feasible for use in aircraft, but, generally, the results have been of 
interest only insofar as they have served to answer some immediate 
problem and no greater correlation of these result" seems to have been 
made. 

/ 
In this work an attempt lr\3 oeen made to utilize the data disclosed 

by tnese several tests to the end that the relative protection afforded 
by the various materials may be estimated. 

Several studies(23/ nave indicated that the- aluminum alloy, duralumin, 
has good ballistic characteristics, and when a plot of energy per unit 
plate thickness  (corrected for variations in density)  was run versus  ,  . » 
hardness,  on the basis of data in a Jisaval Research Laboratory Report, 
it also appeared that, at a given hardness, equivalent weights per square 
foot of Dowmetal and steel might offer comparable resistance to perforation 
by small arms projectiles. 

Boiled homogeneous armor ox which the hardness range 3^0-380 33N 
has been found most  satisfactory over a vide range of variation of plate 
thickness and projectile caliber and design has lately been specified for 
use as aircraft armor and face-hardened steel has traditionally been used 
in such applications. 

The resistance afforded by non-magnetic steel armor «f gauges 
characteristic of aircraft armor is so much lower than that provided by 
magnetic steel armor that a review of its ballistic characteristics has 
been considered to be of no aid in  the attainment ox  the ends of thio 
study.    Sarlier worker; ^ in<ücated that if non-magnetic properties 
are mandatory in an aircraft armor material, much more satisfactory re- 
sistance te perforation may be assured by the specification of a duralumin L      • 
armor. 

Thus,   it has bee:", decided, without fear of having neglected the 
investigation of any material watch might afford substantially adequate 
protection from projectile; impact,  to confine this work tc the study 
and comparison of the ballistic properties of face-hardened steel,  rolled 
homogeneous s*eel (}kO-'jZ0 3HIT),  duralumin, and Itowaetal. 

r*^-j 

• • 
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Anyone who has conducted a search of the literature must admit of 
misgivings, at the conclusion of his search, concerning the percentage 
of data which may have escaped review by his method. 

In that respect the present work is in no way unique inasmuch as 
many data extant may ha-     remained concealed from the investigator whoso 
resources of search have, oeen limited "by inconsistencies in the scope of 
dissemination of such information. 

At the same time, many data discovered had to he disregarded for 
lack of faith in the methods of test procedure.    ?or instance,  studies 
at this arsenal(26) have indicated that at obliquities of 20° and greater 
it is virtually impossible for current  small arms projectiles to perforate 
rolled homogeneous ar face-hardened steel armor plate and remain intact. 
Complete penetration "according to  the traditional ilavy Limit criterion 
is attained wnen a projectile passes through the plate and remains 
intact.127/    Since a ballistic limit is not reached until complete pene- 
tration occurs, ballistic limits according to  such a criterion as has 
been the Ilavy's cannot be expected to be determinable at obliquities of 
20° or greater.    Yet ilavy ballistic limits on such plate at such obliquities 
have frequently been reported. 

Since it was known that  the ITaval Hv.aearch Laboratory,  in view of 
the high incidence of small arms projectile breakage, had modified its 
criterion of failure,(28) w^en judging the results of tests made with 
such projectiles,  to a standard similar to that used in determining the 
fcethal limit,12S^ lately referred tc as the Protection 3allistic Limit, 
it was decided to limit the use of data concerning i'avy limits of face- 
hardened armor to reports emanating from that source or from sources known 
tt employ a similar criterion. 

Under such criteria, penetration is adjudged complete when a, frag- 
ment tf the projectile  (or of the plate material)  flies from the rear of 
the test plate with a. force sufficient to cause it  to pierce a sheet 
of light gauge aluminum alloy parallel tt and a short distance behind 
the rear surface of the test  plate. 

j 

(2&^Armor Plate. 

(27) 

in Analyses of firings »f Caliber .50 A.P.    Ammunition 
against homogeneous Armer Pleite.    C.  Zcner.    Vatertowa Arsenal 
Laboratory 3xperiaental Beport £0. U.A. 710/US6.    2o LToveaoer 19^2. 

The Penetration of Homogeneous Light Armer by Jacketed Projectiles at 
Uormai Obliquity.    U.S. Laval Proving Ground, Dohlgren,  Va. <_^, 
Heport ilo.  i-t-Uj.    S July l'jU>    Page 2. 

(28'See reference  (22), page  3. 

^29/Äircraft ^j-mcr.    .in analysis of Pirings of -lolled Homogeneous Armor 
Submitted under  Specification AiTOS-1.    J.  P.   Sullivan.    Vatertown 
arsenal Laboratory Experimental Heport i!c.  IJAL 710/^93«    Pago U et  seq. 
15 October ly^3. 
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The data on rolled homogeneous plate were 3:nown to be determined on )       ■ ;' 

the basis of similar  criteria. 

Since perforation of Dowmetal^ '  and 2*+ST Duralumin*3 '  is effected — - 
almost exclusively without projectile breakage,   the Navy limits of these -    • 
materials,  literally determined,  are substantially indistinguishable 'v ■-".--. 
from Lethal limits. ■".'-'.  "-'-. - 

Thus curves drawn on the basis of such data would mark the borderline S\'~ S-;"\" 
between protection and lack of protection from death-dealing missiles, 
and it is of vital importance that  they be interpreted in this light.    It 
is suggested that a substantial margin of safety be introduced by the •; ,\ 
designer translating these curves into practice. 

Data thus collected have been separated according to plate material 
into Appendices A, 3,   C; and D,  respectively, covering information con- - 
ceming face—hardened steel, rolled homogeneous steel,  duralumin, and 
Dowmetal. 

(Although the ballistic characteristics ox  several aluminum alloys 
and magnesium alloys have been listed in Appendices C and D,   the comparison ■ 
of the ballistic ciiaracteristics of duralumin and Dowmetal with those of j*~—- - ■■ ^ 
rolled homogeneous and face-hardened steel has been based on the results 
of firings of 21+3T duralumin and Dewmetal (i?S) respectively, which have .' ■[■'/ 
exhibited in the past the best all round ballistic characteristics of their •'.-.■ 
respective types.    The generic use of the terms  "duralumin" and "Dewmetal" 
throughout tins report  should be interpreted in this light.) 

Within each table these data have been arranged according to the •* 
ascending order of the obliquity of incidence and,  in those cases where 
the obliquity is common,  in the ascending order of the ratio of plate ' ■ .- 
thiCiOiess (a),  in feet,  corrected tc  the thickness of steel cf equivalent ■.-,.'_ 
weight per square foot   (e^)*,   to projectile core diameter   (d),   in feet. \. V\ 

^■— -' - -•■ -*•■ 

Aduitional characteristics listed in these tables are: a fcrm factor 
(m/d3), in wnich (m) is the weight rf the projectile core in pounds and 

•Factors u.^d in this report x«r'conversion ox (e) to (c]_) are as follows*. 

Face hardened and rolled homogeneous steel c\  = c 

Duralumin ei = -^~ • 

Dowmetal ^i = c . 

^-^Sec reference (25). Page K, 

^'Ballistic Performance «f 2^ST Aluminum Alloy Protection against 
Aircraft•Projeetilcc. U.S. Kaval Frovins Ground, Dahlgren, Va. 
Report 'Jo.  Ib-h'j),    Page 2. 10 August iS**+3. 
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(d) is its diameter in feet; a measure of tile amount of material (talcing 
into account oblique emplacement) necessary to shield a unit area normal 
to the line of fire (^l/d cos 6, where 6 is the angle of obliquity 

(deviation from normal; of emplacement); and a measure of ballistic merit, 
the Thompson Coefficient, (?)**. 

Data sources have been symbolized in these tables but are explained 
in a note elsewhere in this report.*** 

*- • 

In figures 2 to 5,   C?) '• 5 shown as a function of (ei/d crs ft) and 

**In this report consideration r-.f x,a.e variation in densities of the 
different materials dictatcu the use of the fallowing formula: 

p = m V2 ces^ 0 
e]_d2 

v;ith V, the limit, of resistance to perforation (in this study sub- 
stantially the lethal limit) and the ether symbols us above. 

¥
**SQO Appendix f. *hplanaticn *i abbreviations. 

****In order to shield ar. equivalent area normal to tin line of fire it is 
necessary to employ a greater area of armor the more obliquely this 
armor is installed. 2hus at t0°, twice the area o: armor io requirca. 
to protect the same area normal to the line of fire as is required 
of armor normally installed. (See figure 13). 

f. :.-:■-:-■ -■•.. 

• 

In figures 1 to U of each Appendix,  the Thompson Coefficients (f) 
have been plotted versus the ratios of plate thickness  (e), corrected 
to the thickness of steel of equivalent weight per unit  surface area ! v    . ■! 
(e^),  to the projectile core diameter (d), with allowance for the greater 
area of obliquely installed material necessary t» shield a unit area 
normal to trie line of fire (e]_/d cos ■©)****. 

In figures 5 to S of each Appendix the limits of resistance to 
perforation (Vjj or V^; have been plotted against a similar axis, 

ÜJhe graphs of these plots form a basis for the several figures in 
the body cf the report. 

Figure 1 has been drawn tc provide a nemegraphic method of ready 
conversion from values of ei/d cos C) or  (ei/d)  to actual thicknesses »f 
the different materials under impact of cal»  .30 A.?, 1X2 or cal.   .50 A.P. 
142 projectiles. 

figure 1A attempts to depict graphically the difference in thickness 
of the different materials of equal weight which results from their variant ,. 
densities. 

figure IB illustrates the necessity of using a greater area *f armor 
obliquely emplaced to protect a fixed area normal to the line of fire. .; 

figure 1C snows now a variation in the ratio cf plate thickness \c) . 
to projectile cere diameter  (d)  tends to influence the manner in which 
plate failure will occur 

■- ■• ,'■• .... ■• .- ^ ■• '.\.- m\ d,, +'" t i' a*;* A \t *    y r i |- .- ^^^^a^h^^^^^^^^^^^^^^^^^y^,^^ 
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obliquity fox each material. In Figures i  to 9, obliquity (0°, 3°°i **5°» 
bQ°) is held constant and (F) is shown as a function of (el/d cos 6) and 
plate material. 

Figures 10 to 13 and lk to 17 repeat the pattern of Figures 2 to 5 
and 6 to 9 with the limit of resistance to perforation (Vjj ) substituted 
for (F). 

On the basis of Figures 10, 11, 12, and 13 (or with equal validity 
Figures Ik,  15, 16, and 17) Figures 18, 19, 20, and 21, respectively, have 
been drawn to represent the conditions with respect to obliquity of em- 
placement and the ratio of plate thickness (weighted) to projectile core 
diameter necessary to provide protection against lethal damage resulting 
from projectile impact of various striking velocities, when different 
armor materials are used. 

By comparison of Figures IS to 21 the conditions under which greater 
or less protection from such damage can be erpected from the use of the 
different materials may be determined and these are shown from the view- 

» i i -10- 
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point of the use of the respective materials in Figures 22 to 25. 

Consideration of Figures 18 to 25 indicates qualitatively conditions 
under which the use of a particular material will provide maximum pro- 
tection.    These conditions are represented in Figure 2lA and the axis 
(ei/d cos ö) has been substituted for (e^/d) in order to illustrate the 
exact conditions under which the most efficient use of armor nay be made. 

On the basis of Figures 18 to 21, half-areas of vulnerability to 
be expected from the use of the various materials under conditions where 
the ratio of plate thickness (weighted) to projectile core diameter is 
equal to 0.6, 0.8, 1.0 and 1.2 have been drawn in Figures 26, 27, 28 and 
29 respectively. 

In Figure }Q the area of vulnerability typical of the use of each 
material as armor is shown as a function of the ratio of plate thickness 
(weighted)  to projectile core diameter (e^/d). 

Relevant ballistic test results, heretofore unpublished have been 
set forth in ballistic data sheets in the appropriate appendices. 

r 
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RESULTS JÜJD Discussion 

The pathway to a valid analysis of "ballistic test data is often 
"beset with the many pitfalls incidental to tae variable nature of 
ballistic testing. 

Generally speaking,  the simultaneous presence of so many inter- 
related variables, many of which are incapable of precise quantitative 
evaluation, renders fruitless any effort to assess   -hem independently on 
the basis of empirical evidence. 

However,  it is believed that the quasi-statistical nature of the 
data in this report will tend to frustrate any wayward trends and that 
the results of this study will be substantially free from the bias of 
any such variables. 

A,    Resistance to Perforation 

1.    JSffects of Plate Hardness on Resistance to Perforation by Current 

Small Arms Projectiles 

In the case of a given material, perhaps no other single 
characteristic,  except thickness, has a greater effect upon its ability.    . 
to withstand perforation than its hardness.    A study, previously cited/-'2' 
of materials of various density,   showed a remarkable correlation between 
hardness and resistance to perforation independent of the densities cf 
tho materials involved. 

At first glance this might suggest that comparable optimum 
ballistic results may be obtained from equal thicknesses of materials of 
wide desnity variation, which in turn would indicate the use of the lightest 
material,  tuus effecting the greatest saving in weight.    Indeed there might 
be some validity tc  such a thought if tho lighter alloy materials could 
be made ac hard as steel. 

Unfortunately, however, there exists,  in the case of each material, 
and even in the c&se of each alloy of a single material a critical hardness 
beyond which no treatment will carry it and long before this critical 
hardness is approached another critical hardness is reached which may not 
be surpassed without introducing into the material characteristics of 
brittleness which axe seriously deleterious to its ballistic behavior. 

Since,  in the cases of the materials discussed herein,  there seems 
to be a rough proportionality between this latter liiit and the density 
of the material, it is apparent that hope of securing comparable ballistic 
characteristics froa equivalent weights of materials of variant density 
cannet lie in elevating the hardness of the lighter alloys to the level 

(32) See reference (5). 
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of that of steel bat rather must proceed from some advantage which may i'v'v 
emanate from the increase in thickness without an increase in weight, '/■-.>; 
allowable by the lower density of these alloys.    It is in this light,then, -—:— :--^ 
that a consideration 6{ the mechanisms of perforation is relevant. ; •.. ,* 

2.    Mechanisms of Perforation of Armor '-.*•'.-/'-" 

There are two extreme types of mechanism by means of which armor !■";■-':_••"."■•'.[■ 
may be perforated.(33)    fhe more common type of perforation is accomplished ^. ---- 
by the projectile's plastically pushing aside the plate material in its 
path until a hole has been formed sufficient to allow its passage through 
the plate.    This mechanism,  substantially, is characteristic of the per- 
foration, at normal incidence, of soft armor by sharp-nosed undermatching 
non-deforming projectiles. 

The other extreme is characterized by the plate's failure in shear 
along a nearly cylindrical surface perpendicular to the plane of the 
plate surfaces, resulting in tho release from the path of the projectile 
of a nearly cylindrical plug,  thus facilitating the projectile's progress 
through the plate.    This mechanism is typical of the perforation at normal 
incidence of a hard plate by a greatly overmatching flat-ntsed projectile. f H 

k 

Variations in the design,  composition, heat treatment and hard- 
ness of the prcjectile, variations in the crmposition, heat treatment, 
hardness and soundness of the armor, variations in the ratio of plate 
thickness to projectile core diameter and variations in the obliquity of 
incidenco vail tend to produce various combinations of these two basic 
mechanisms, the initial stages of such failures occurring by way of 
plastic deformation ana eventual failure »ccurring in shear. 

In general, failure in shear will occur with a smaller absorption '• 
of projectile energy per unit volume displaced than in plastic failure. '.. 
Thus,  if conditions are otherwise the same, it might be expected that a r 
plate which would tend to fail plastically would more greatly resist 
perforation by a given projectile than one which tended to fail in shear. 

figure Ih. shows the difference in thickness of equal weights of 
steel,  duralumin and Dcvmetal of equal surface area. 

Figure 10 shows the conditions with relation to plate thickness and 
projectile core diameter under which shear failure and plastic failure 
tend to occur. 

Consideration of these two figures loads one to contend that under 
conditions where an equal weight of two different materials would result 
In the projectile's overmatching one (and thus tending to produce a shear 
failure) and uadermatching the other (and thus tending to produce plastic 
failure)  the resistance of the lower density material would be expected 
to be much greater.    This might,  indeed, be the case,  if equivalent  

\33)Hechaaism 0f Armor Penetration.    Second Partial Heport.    C.  Zener and 
2. Peterson.    Watertown Arsenal Laboratory Experimental Report No. 
HAL 710/1*92.    31 Way 19^3. 

\ 
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physical properties,  especially hardness,  co-old be obtained in the low 
density materials.    As previously mentioned,  of course,  the maximum 
hardness obtainable in the lighter alloys is considerably below that 
of steel but,  as it will develop later in this report if the steel is 
sufficiently overmatcned while the duralumin,  of a reasonable hardness, 
still is undermatched,  the different mechanism of failure will enable 
the lighter alloy to resist perforation at a higher velocity than steel 
can,   in spite of the hardness differential. 

In the past, graphs of the Thompson Coefficient  (?) versus the 
ratio of plate thickness to projectile core diameter have been helpful 
in allowing an analysis of the mechanisms characteristic of different 
ratios of these twc measurements.     In order  to  facilitate a comparison 
of the ballistic efficiencies of equivalent weights of different 
materials shielding a unit area normal to  the line of fire,   the  (e/d) 
axis lias been adjusted in this report to   (e]_/d cos Ö). 

Thus a plot  of (J) values based on perforations at normal 
incidence effected purely by a plastic pushing aside of material of 
constant physical properties from the path of a non-deforming projectile 
might be expected to result in a horizontal path where, at all values of 
e/d (or cf e^/d cos 0),   (F)  would be the same.O^ 

On the other hand, perforations at normal incidence effected 
predominantly by failure of the plate in shear might be expected to 
produce (?) values tending to fall in a stoop curve sloping sharply 
downward as (e/d)  decreased.(35) 

5'or the purpose of comparing the types of failure characteristic 
of the different materials at common values cf (e-i/d cos 6), plots of 
(F) versus this parameter have been drawn in Figures 1 to U of each 
appendix wnich have been su^urimpecod in varitus combination in figures 2 
to 3 of the body of the report. 

a.    Face-Hardened Steel  (figure 2 and .appendix A, Figures 1 to U). 

Figure 1 of Appendix A shews a trend of (I) values charac- 
teristic, at values af e]_/d cos 8) less than 0,8,  of material which 
fails in shear.    Above this value,  the trend is similar to that of • 
plastic failure. 

The factor of projectile breakage in the attack of face- .    ] 
hardened plate has done much to obscure the mechanism of failure 
of this type of armor and it  is outside the scope of this study ' 
to determine the precise mechanism ^y which this material fails. • 

™ .  

The Ballistic Properties of l.ild Steel, Including Prelicinary Tests • 
of Armer Steel and IXiral. National Defense Research Committee 
Project A-lll: Progress 3eport. 2C L'ovcmbcr 1^U2. .appendix A, page kj, ' /.,- 

(YJ) JJ  Ibid. Appendix A, page ^9. • 
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However, visual examination of perforations of this material 
indicates a high tendency for it to fail in shear even at high 
values of (e/d).    It has been shown'3°) that the release of 
the plug formed "by the failure of the material in shear becomes 
more difficult when the plate thickness  (e)  exceeds the diameter 
of the projectile core (d).    This plug tends to have limiting di- 
mensions of (d) x (d) and thus when (e)  exceeds (d)  the shearing 
does not propagate to the rear surface of the plate and this 
final layer of material mas'- either bend back or break out to 
release the plug. 

Whatever the exact mechanism is,  its effect upon the 
amount of energy necessary to carry it to its conclusion is of 
more importance,  from the viewpoint of this discussion. 

Sudden changes in the direction of these graphs indi- 
cate at least a change in tne increment or decrement of energy 
necessary to displace unit volumes of material in the projec- 
tile's path and may be interpreted as indicative of changes in 
the predominant mechanism type. 

Thus in the case of face hardened steel at normal in- 
cidence, below values of (e^/d cos ö)  jf 0.8, it is reasonable 
to assume that  aome mechanism takes place requiring considerably 
less energy per unit volume displaced to effect perforation as 
(e/d)  decreases.    At values of (cj_/d cos 9)  in excess "f this 
figure,  the increment rate of energy per unit volume ">f plate 
material displaced required to effect perforation appears to bo 
considerably less than below the critical value and it may be 
reasonable to conclude that this difference is attributable to 
a change in the predominant mechanism. 

Similar changes in trend ere noticeable at obliquities 
of 300 and ¥j°, but at oG° only a single general trend is 
apparent.    This is probably due to the fact that at b0° obliquity 
the actual  (e/d)  of the nighect  (cj_/d CJE b) value is lees than 
unity and under such circumstances sheer failure probably pre- 
dominates in all cases, 

b,    Holled Homogeneous Steel,     (iugures   ) erA Appendix 3, 

gigares 1 to h). 

At normal obliquity the data takes the course which might 
bo expected cf (?) values resultant from predominantly plastic 
failure,    irom experience it may be stated that at values of(e/d) 

T5Ü wechaniem of Armor Pea«*t ration,    .first Partial Report.    C.  Zener 
and J. H.  Holloaon.    Water to «na Arsenal Laboratory Zxperiaental 
äepjrt lie.  «fAl 7IO/U54.    3 September 1342. 
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At fO° obliquity the data are too sparse to "be con- 

sidered significant, 

£• Duralumin. (Figure k and Appendix C, Figures 1-to k). 

At normal incidence and at all obliquities, vhen 
(e^/d cos b)  equals 0.6 or more, the trend of the data indicates 

predominantly plastic failure. 

At ^0° obliquity, at values of (e^/d cos 6) less than 

0.6, the change in the trend cf the data may he interpreted 
as indicative» of predominantly shear failure. This is to he 
expected because under those circumstances (e/d) is actually 
abvut 0.9 and even this scfter material sight be expected to 
fail in such a manner when it is overmatched. If allowance 
for the difference in density rf the two materials is made, 
it will be apparent that the slopes of this section of the 
60c duralumin graph an^ that of the entire 60° face-hardened 

steel graph are quite similar and for the same reason. 

!• Poyaetal (Figure 5 and Appendix S, Figures 1 to k). 

Since under nc conditions of testing vere any cf the 
Dcwcetal plat-3 overmatched, failure of this material recurred 
always predominantly plastically and graphs rf the resultant 
data assume the anticipated course. 

e. Comparison of Materials.  (Figures 6 t~ 9). 

Considering only that section of thu prapfrs in Figure 6 
where they tend to be horizontal, the greatest efficiency at 
normal incidence results from tho use of face-hardened steel, 
followed by duralumin, rolled hom;fcnecut» steel and Ecwaetal. 
This is doubtless due to the ability cf the face-hardened armer, 
because of its superior hardness, to fracture the projectile 
and thus hinder its efficient operation of perforation. 

7 ???'•' cwfefj': 'a*!'' f / f 
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less than those treated in Figure 1 of Appendix B, (F) falls 
off rapidly in a manner similar to that of Figure 1 of 
Appendix A. Such would be the course expected of (F) values 
resulting from failure predominantly in shear. ! 

At obliquities cf 30° and k^°  the trend, as (e/d) in- !- 
(.«/■"■• creases, is a gradual one from predominance in shear failure [ 

to predominance in plastic failure. 

The indications of these graphical trends as to the ' 
predominating mechanism are borne out in a visual examination 
of the perforations. 

- 
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The point at which thu lighter alloys attain an 
advantage over the steels occurs pt a greater value ct 
(ei/d cc3 5) at this obliquity (30°) than at normal incidence, 
and as obliquity increases (Figures S and 9) at even higher 
values until at bO0 duralumin has the advantage over both 
types of steed throughout the entire range of striking ^dl^city 
investigated. 

The advantage gained by the core favcrsble plastic 
mechanism of failure vhich flews from the thickness differ- 
ential may be appreciated from an examination of Figure 9 
wherein the duralumin» failing in shear at values of 
(e^/d cos e) lower than C.fi because rf its l^v actual (e/d) 
rati«, falls below Dovsctal vhich, because of its lower 
density, still evermatc-hes the projectile at these value». 

3• Visits >f Hoslstance to Perforation 

In Figures 5 to 8 of the appropriate appendices, plots of the 
limits of reeistanco to perforation versus (ei/d cos 6) have been ran. 
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Duralumin apparently has sufficient hardness coupled with 
its greater thickness (2.8 times that of an equivalent weight • 
of steel) to enable it to provide a more serious obstacle r ' ' ' ■-'■ 
than rolled homogeneous steel to the projectile's progress, ';  ■. 
Dowmetal, however, in spite of still greater thickness (U.U 
times that of an equivalent weight of 6teel) apparently does >':/:*-'.'/ 
not have sufficient hardneBS to enable it to exploit its '."■"-'-'. 
thickness adequately» • - '."■"- 

At values of (e^/d c»s 9) less than 0.8 the tendency 
of (F) values for duralumin and Dcwaetal to remain unchanged 
while (F) values of the two steel armors fall off sharply due 
to their overmatching the attacking projectiles while the 
steels are overmatched can be seen in this figure. At obli- 
quities, the conditions where stool is overmatched by the ft 
attacking projectiles while the lighter alloys overmatch the 
projectile occur at hieher values of («i/d cos 6) and will 
be seen to increase the frequency of situations where the 
use of the lighter alloys will be of advantage. 

At 30° obliquity (T'i •  .re 7) rolled homogeneous plate „  • 
enjoys a temporary superio *.y «ver duralumin.because its hard- •.--•■. 
ness is sufficient to cause a greater deflection cf the pro- 
jectile thus increasing the bending moment to a point where 
projectile failure will occur. The hardness of duralumin is 
insufficient to influence projectile breakage oven at obli- *- 
quity but inasmuch as its h&rdrees is greater than that of u 
Dowmetal it maintains a superiority ovt-r that material even ;. 
though their mechanisms of failure are similar and the 
Dowmetal considerably thicker. \ 

• 

*~ • 
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These are fundamental graphs and are presented to illustrate the fit of 
the curves to the data. No especial refinements of curve fitting have 
been attempted. These graphs, in various combination, have been repre- 
sented in Figures 10 to 17 of the body of this report. It is to the 
latter group of figures that attention may well be directed. 

The presentation of data with (%) as a function of (ei/d cos 0) 

is a logical one in an investigation of the efficient use of weight in 
armoring structures in that it facilitates a portrayal of the efficiency 
(in terms of resistance to perforation) of equal weights of materials 
of various density installed at various obliquities to the line of fire, 
all of which are capable of shielding the same area normal to the line 
of fire. 

Thus a single unit of thickness of a given material installed 
at 60° must offer.resistance to penetration equal to that of two units 
of the same material installed at normal incidence if it is to be con- 
sidered eoually efficient, 6ince twice the area of armor installed at 
60° obliquity is required to protect the same area as is required of 
armor installed normally. Likewise at any given angle of installation 
a single unit of thickness of one material should offer resistance equal 
to that afforded by two thickness units of a material half as dense if 
it is to be adjudged equally efficient. 

Such information should be invaluable to the designer who has a 
given area ncraal to the line cf fire for which he must provide protec- 
tion against a given projectile with a minimum extravagance of armor 
weight. 

Figures 10 to 17 may be entered at the velocity against which 
protection is required and the material and obliquity detsrmined which 
will provide this protection with the least expenditure of weight, since 
if the attacking projectile is known then so is (d), and (ei/d cos 6) 

then becomes virtually an expression of the weight necessary to provide 
protection to a unit area normal to the line of fire. 

ft. Face-Hardened Steel. (Figure 10 and Appendix A, 

Figures 5 to 8.) 

These figures indicate that if face-hardened armor is 
to be used at one ft  the four obliquities considered, maximum 
efficiency will be had from its use at normal incidence when 
(e^/d cos G) equals O.U5 to 0.9. at 1*50 obliquity when 

(oj^/d cos O) equals C.9 to 1.U2 and at 6c* obliquity when this 

value exceeds 1.U2. 

r-*- 
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b. Holled Homogeneous Steel.  (Figure 11 and Appendix B, 

Figures 5 to 8.) 

These figures indicate that, if rolled homogeneous 
steel is desired to he used at one of these obliquities, its 
most efficient use will occur at normal incidence when 
(e^/d cos G) is less than 0.7 and at 60° obliquity when this 

measure is greater than 1.1. On the basis of these curves 
it is impossible to determine whether maximum efficiency will 
result from its use at U50 cbliquity or at 60° obliquity when 

(e^/d cos G) lies between 0.7 and 1.1. 

P. Duralumin and Sowmetal.  (Figures 12 and 13 and 

Appendices C and 3, Figures 5 to 8.) 

These curves indicate that generally the most efficient 
use of the two light alleys nay be made at 6C° obliquity, although 

at «xtremely low values of (e^/d cos C) more efficient U3«j might 

be expected from their normal emplacement. 

d. Normal Incidence.  (Figure lU.) 

If design considerations dictate the use cf an armor at 
normal incidence a consideration of these curves indicates, 
that unless the value of (?i/d ers ö) is loss than 0.62 (in 

which situation dvralumin should be used) maximum efficiency 
will be reaMzod from the use of face-hardrncd steel. 

a. tbliqulty-. 3C°.  (Fl.-urc 15.) 

If installation at this obliauity is conteuplated, the 
use of duralumin where (c^/d cos G) is lass than O.67 and the 

use t.f face-hardened uteel where this value is great sir will 
yield the maximum efficiency. 

f. Obliquity - U50.  (Figure l6.) 

At this obliquity cf installation, the use of duralumin 
at values of (oi/d r-os 9) up to 0.8 and the use of face-hardened 

stool above this figure appears to be most efficient. 

£. Cbliquity- 60c.  (Figure 17.) 

At this cbliquity the ueo of duralumin at all values 
of (e^/d cos fc) is prcbably twet efficient although at ex- 

tremely low values of this measure thcr«. exists cere basis 

for the us« of Dovni-tal. 

rr 

• 

• 
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U. Protection from Projectiles of Given Striking Velocity 

figures 18 to 25). 

The figures reviewed immediately above are perhaps relevant only 
when installation is contemplated at one of the four obliquities (O*. 
30°, U50, 6o°) specifically investigated. The more usual situation en- 

countered by the designer is apt to arise when protection against a 
particular projectile at a given striking velocity (or range) is specified. 

It is to aid in a solution of such a problem that Figures 18 to 21 
and Figures 22 to 25 have been plotted. 

From Figures 18 to 21 the appropriate combination of plate thickness 
and obliquity of emplacement to provide protection against a given pro- 
jectile at any striking velocity may be estimated for any of the four 
materials under investigation. In interpreting these curves the use ef 
Figure 1 may bo expected tc be of help. 

Figures 22 to 25 show the relative efficiencies of the different 
materials under conditions of varying obliquity and weight per unit area 
protected. From a consideration of these figures it is obvious that 
maximum efficiency will never be realized from the use of rolled homo- 
geneous steel'or Dowmetal. The curve at the left of Figure 2U will be 
6een to indicate the line of demarcation between the conditions under 
which the use of duralumin is most efficient and those conditions under 
which the use of face-hardened steel is most efficient of all four materials 
under analysis. Roughly speaking, when the obliquity of installation is 
to be 52° or greater, or when the ratio of plat« thickness (weighted) to 
projectile corn diameter (e]_/d) equals 0.6 or less, the use of duralumin 

will produce the maximum protection per unit weight employed, and under 
all other conditions, this maximum efficiency will proceed from the use 
of face—hardened steel. 

These figure« (22 to 25) thus indicate qualitatively the condition» 
under which the most efficient design of aircraft armor installation« may 
be made. *n order to represent these conditions auantitatively, Figure 21A 
has been prepared. 

In thic figure the axis U^/d cos ft) has been substituted for the 

(ei/d) axes of Figures 18 to 2^. This has been done because (ei/d cos 6) 

in essence represents the woirf-.t of armor necessary to protect a unit area 
normal to the line of fire, and takes into consideration the greater area 
of obliquely installed armor necessary to provide protection to an equiva- 
lent area. 

Thus where equivalent pr.'tection (as represented by the curves for 
different striking validities) may be obtained from a lower value ox 
(«l/d COB 6), c:re efficient use of ermor may be enjoyed by installing it 

at the indicated obliquity. Figurt 1 will prove to be very helpful in 
translating the indications of these curves into units of actual thickness 
of the different materials under impact of each of the two projectiles. 

7/77/.'* 
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In any event,  these curves  (used in connection vita figure 1) 
will assist t^e designer in estimating tie protection to "be oXr ected 
from the use of various t hi clones s«s of different truer materials at 
various obliquities anci by determining that obliquity (within tne range 
of allowable obliquities) at which the desired protection may be provide«, 
with the least expenditure of weight,—that  in,   t..o lowest value of 
[ül/ä. cos 9)—hv may more confidently specify the moat efficiont obliquity 
of installation« 

She change in  the efficiency of oblique installation of armor as 
the limit striking velocity diminishes may -icvo so..:3 explanation in the 
following observations. 

With a given material,  tne resistance to perforation oy a given 
projectile may,  in the first analysis, be expected to be a function of 
the thickness of the plate, or,  in other words,  the length ef the path 
that t.ie projectile must travel to pass through the plc'.te. 

Thus,  at obliquity, we might expect the increase in resistance 
t» perforation to reflect the increased length uhich t*.e projectile must 
travel because of the tilting of the plate,    llaively,  this increased 
path night be expected to be inversely proportional to the cosine of the 
angle of tilting,    hewever, in the case of current  small arms projectiles, 
when tne plate is thicker t.-an  the ciamefcer of t. c „„rojectile core,  the 
projectile upon oblique impact is collected away fron» the normal so that 
the effective path is greater t.-an would be expected frou a aore consid- 
eration of the cosine function.    The length of the path thus increases at 

-20- 

The most striking indication of figure 21^. is that the maximum 
efficiency over tae entire range of obliquity from 0° to 60® will be 
enjoyed from the use of duralumin at 0O0 obliquity.    Thus,  if the only h—■-'■—'- 
factor to be considered in the design of aircraft armor were weight, the L      • 
problem would be a simple one.     "Install duralumin at o0° obliquity" '.-.■'' 
would be the panacean answer. ••">-'•"-".' 

however, armor is perhaps more of a luxury than an essential ';'■'.•-':•'. 
according to current design philosophy and, in any eve.it,  the designer -•"' 
probably finds himself restricted to small ranges of obliquity of .       • 
installation with respect to the most probable line of fire.    In such 
a situation he may tarn hopefully to figure 21A. 

h'ow if ue must protect against perforation at striking velocities 
in excess of 2100 feet per second and is restricted "o~j other design 
considerations within a specific range of obliquities of installation he • 
may generally assure himself maximum efficiency ~oir installing the appro- 
priate material at tne highest obliquity within that range.    If, on the ; 
otner hand,  impact  is anticipated at lower velocitieu,   laxinum efficiency                 ; 
will generally proceed from the emplacement of armor normal to tne line 
of fire,  altnougn even at low velocities emplacement at obliquities greater            ^ 
than k^° ^ay be more efficient.                                                                                                       »       • 

•-•   -  •   •'■   ■   -'-   -■--•-'---■-  -   -■--■-  --.' [^^^j^h^^^^^^^^^^^^^^^^^^^^^ 



•\IW.".\'l" —»■'- n,'«i- v™ "Ü-" V"1 ' W* 

Tmumwum Ügr 

a greater rate than the area necessary to  shield a unit area normal to the 
line of fire and an advantage in using armor at a higher obliquity under 
these circumstances might reasonably "be anticipated. 

On the other hand, when the armor is overmatched by the projectile, 
the plate tends to. fail in shear and the release of a plug from the path 
of the projectile influences the deflection of the projectile towards the 
normal thus effectually shortening its expected path through the plate 
and introducing a reasonable expectancy of disadvantage in the use of 
such material at obliquity. 

However, when plate and projectile match there tends to be an 
initial deflection away from the normal followed by a punching failure of 
the plate which deflects the projectile toward the normal with the cumula- 
tive length of the path roughly equivalent to that indicated by reference 
to the cosine function.    Thus,  it develops, obliquity tends to have little 
effect upon protection per unit weight employed when (e^/d cos 6) approxi- 
mates unity. 

It will be noticed that these curves have not been extended to 
obliquities beyond o0°.    This restriction has been due in some part to the 
scarcity of data at  those obliquities, but in no small vay has it been 
the result of a recognition that the area of armor necessary at  such obli- 
quities to provide a screen for a given area normal to  the line of fire is 
so great tnat  the thinness of armor necessary to keep the overall weight 
constant is such as to render operative a law rf dimiaisuing returns as 
to the protection provided per unit weight employed. 

5.    Areas of Vulnerability. 

If a given thickness of armor material is attacked from various 
angles,  it will readily be anticipated that  the nearer normal the angle: 
of attack,  the greater the range from which the projectile may be propelled 
at a given muzzle velocity and perforate the plate, and the more oblique 
the angle of attack is, the snorter  the effective range will become until 
at a critical e.blicuit,.' even a point clank attack would be repelled. 

From a c e:\ui der at ion of the data ir. this report, a translation 
of this qualitative observatija into much more quantitative termc may be 
made. 

S.Vic,  in Figures 26 to 2^, half-area a rf vulnerability for each 
of the four materials have been drawn for c-cnuitiens where the ratio «f 
plate  t.ucknecs  (weighted)  to projectile core uianetor is equal respectively 
to 0.6, 0.8, 1.0 and 1.2.    *.'e may then observe hew the shape and extent 
of t.icse areas jf vulnerability are effected by eliar.ges in this ratio. 

e areas within which a caliber .50 gun 
t por aeccud may be- set up with respect 

•_.:o:c: ii^uret:  uic,r.-xy 
with muzzle velocity of ;;".^;0 f 
to the position or in. armor ama propel caliber .30 A.P. iI2 projectiles 
which will perforate armor cf various materials equivalent in weight tc 

V, ''/ 'ob . ■:uuii 
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.257",   .3^3",  .^29" and .oik" of steel respectively.    With respect to ^--v-"' 
aircraft combat these areas would effectively represent cross sections !"--/"'-! 
of volumes of vulnerability inasmuch as the aerial theater is virtually '"'v' .- 
a three dimensional proposition. ;      j^~ 

It will ho noticed that as the thickness of the armor increases \--V-v' 
the areas of vulnerability of the steels,  especially those of face- '■>■"-'-" 
hardened steel,  diminish at a much greater rate than those of the r       ;'vvv 

lighter alloys.    This trend is represented graphically in Figure 30» !'-/'-'•""" 

However,  the shapes of the areas are prooably of greater signi- r-"v"'- 
ficance fron the standpoint of tactics.    Thus a wide flat area would 
signify greater invulnerability from attack at normal incidence but '.".-" -\ 
would allow a greater panorama of lethal attack than a long narrow area. ■"-■ . "-V 
The shape is,  therefore,  significant since attack may frequently come . •„■■"-„'- 
from angles other then the expected one en which design lias been based, Q 

6.    Extrapclability of Trends Indicated roy These Data 

A question may well be posed as to the extrapolability of the 
conclusions drawn from data bs.sed upon firings of caliber .30 A.P. M2 
and caliber .50 A.P. i-12 projectile attack to  situations whore attaci: Q 
is expected from projectiles of larger caliber or different design or 
quality. '-.-   ; • 

3xamination of the methods by whicli the different materials 
defeated the attacking projectiles is believed to be relevant to an 
answer to this question.    In the case of Dewmetal no projectile fracture *      f 
has been observed during the tests conducted at  this arsenal.    In the 
case of duralumin,projectile breakage has boon so rare as to be con- -'..'■'-'-■ 
sidered negligible.    In the case of roller homogeneous steel, projectile "'•■-'■'- 
breakage has been ";h<. rule when the test tbiiquity has been 20° or ,-/■".."!- 
greater.    In the case of face-hardened stool,  the recovery of an .-'•■."-•. 
intact projoctile ha3 been extreme!;.' rare under any conditions.    It 
thus seems reasonable tc attribute the superiority ^f face-hardened 
steel over the lighter alloys in come measure tc the ability of the 
steel to break up the prcjectiie and thus hinder its efficient function 
as a perforator. 

If,   therefore,  conditions snould be translated into a sphere 
where projectile breakage against  ste .1 is rare,  ac in the case of 
larger calibers,  tlia  steel might be expected vi  lose ccme ox  its success 
in overcoming projectile attack and the regions w.cre duralumin is 
superior to face-hardened r.tcel ai„ht reasonably be expected to be 
extended. 

Similarly, the chape of current small arms prrjoetilea is ouch 
as to pro:..ote their deformation and fracture undu*  oblique attack and 
an improvemijnt In deci.r. or quality ciuld bo expected to diminish the 
ability of steel armor to withstand their attack whereas the performance 
of duralumin (or Dewuotal),  accomplished without the aid of projectile 

>      • 
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breakage, may reasonably Tie expected to be unaffected by such changes. '.■'/..■['.-/'.■ 

Thus any extrapolation    of the conclusions of this study should v _   .-'■ ■ 
be attended by a recognition of the contention that in those situations o> 
wherein the margin of superiority of face-hardened steel over duralumin .;•". ■ "■ 
is slim,  small changes in the caliber,  design or quality of the projec- S.^V-V. 
tile may be sufficient to obliterate the difference. '"•■/-•''--'' 
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3,    Shock Properties i" ■'?-■*•-■? 

If resistance to perforation were the sole consideration in tue 
selection and design of armor, this study might well be concluded forth- .; 
with,    however,  the behavior of armor under shock and high velocity 
perforation are considerations not to be disregarded. 

Data, concerning these characteristics are,  however, not abundant o) 
and for this section of the report information will be drawn largely 
from a recent reportOj) of the i«*aval Proving Ground with which past ;•; 
experience at this arsenal has been consistent, <"_"-•'. 

1.    20 gay H.a. Projectiles 

The high-explosive projectile,  if it reaches the principal armor 
prior to detonation, imparts to the armor a shock consisting simultane- 
ously of the effect of the projectile impact plus the forces generated 
by the detonation of the explosive charge,    The severity cf the effect /\ - /-\ 
of the latter is a function of the distance of the explosion from the ^1..—:— 
surface of the plate. L      • 

Thus,  if the time lag between impact and detonation is constant ;-\-v 
and the position of the explosive charge within the projectile is fixed, ._-; •;■ 
it might bo expected that against a softer material the projectile, upon \\ ';.' 
impact, would penetrate more deeply prior to detonation and at the time u.— 
of explosion the charge would be closer to tue plate surface and the effect w 
consequently :ncre severe.    Similarly if the explosive charge is situated /•' 
nearer the no so of the projectile the effect v;ould be expected to be 
aorc severe. 

In order to combat the attack of this type of projectile,  then, 
a material must be hard enough to resist penetration cf the projectile 
yet ductile enough to withstand the distortional effects of the explosive 
firce. 

Thus,   tests reported by the äaval Proving Ground have shewn that 
against attack with 20 ras. H.2. projectiles at 20° obliquity rolled 
homogeneous steel is superior to face-hardened steel wiich,  in turn,  is 
superior to 2^3T duralumin.    These tests, however,  simulate renditions 
wnere the armer woulü be tne first substantial obstacle in the path of 
the projectile.    In service,  this situation would rarely arise because 
the skin cf the aircraft would usually bü cufficiont to  detonate the 
charge prior to iurpact upon the principleurmer.    Under conditions where 
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explosion took place at a distance greater than a few inches from the 
plate, it is difficult to visualize the resultant failure of armor plate. 

This same report indicates that against fragments of 5" anti- 
aircraft shells,  2^ST duralumin is equivalent to rolled homogeneous 
steel and slightly superior to face-hardened steel. 

2,    Impact of Yawed Projectiles 

i-iuch aircraft armor is installed in interior positions.    Attack 
of such armor then is seldom direct and projectiles frequently encounter 
other obstacles before impacting the armor.    As the projectile defeats 
these primary obstacles,  it is likely to be tumbled and its impact against 
the armor is unlikely to be nose-on.    This attitude of attack of the 
projectile subjects the plate to a combination of penetration and shock 
and,because the yawed impact of the projectile effectually increases in 
one dimension the projectile diameter of the core,  there is accentuated 
any tendency of the plate to fail in shear. 

The ability of armor materials to withstanu this method of 
attack is,  therefore, of relevance to a study of aircraft armor. 

Tests at the Kaval Proving Ground consistent with observations 
made at this arsenal indicate that under attach of yawed caliber  .50 
A.P. i>i2 projectiles, 2^ST durlaumin is superior to both face-hardened 
and rolled hamoseneous steel. 

C.    High Velocity Perforation 

When a projectile passes through the plate at a velocity well in 
excess cf the limit of resistance to perforation,   there are set in motion 
within the plate forces which are conducive to the release cf plate 
fragments coincident with the prcjectile's exit from the plate,  if the 
plate is cf inferior structural quality.    The size and ohapo of these 
fragments are often such as to possess more potential lethality than 
the projectile itself. 

Ballistic specifications have been established for rolled homogeneous 
and face-hardened steel armor which largely eliminate the possibility of 
the procurement of steel armor which will fail in this manner. 

2^1 duralumin  (see Figur« 31) and Dcwmetal, however have,  in the 
course of development tests,  shown a tendency tc  fail in this manner 
upon cvarulete perforation.    It is difficult tc predict whother this 
tendency could be eliminated 30 that ballistic spcoificatiens might be 
established whien would aspire the procurement of lighter alloy armor 
with characteristics comparable to current  steel aruior under conditions 
of high velocity perforation. 
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D.      Effects of Low Temperatures 

During aerial combat the ambient temperatures are frequently 
greatly less than zero,    The behavior of armor under impact at these 
low temperatures is,  therefore, of interest in a consideration of 
aircraft armor, 

Relatively few "ballistic tests of armor have "oeen conducted at 
low temperatures but those that nave "been conducted have indicated 
that  the decline in temperature enhances  somewhat  the resistance to 
perforation of 2^-31 duralumin(3*5) and steel.v39) 

On the other hand,  extensive tests have shown that the impact 
properties of steel are reduced by decreasing temperatures^) whereas 
the impact properties of duralumin actually increase "below zero,^ ■*•' 
Impact properties naye been  shovsi to have a close correlation with 
resistance to shock,("*2)    Thus tue shock resistance of steel is some- 
what decreased by sub-zero temoeraturesC+3) while it may reasonably 
be expected that the shock resistance of duralumin will not be affected 
deleteritusly oj a reduction in temperature« 

(3S)s ee reierence (21). 

(3S)Tenth Partial Report on Light Armor.    Effects of Temperature on the 
Resistance to Impact Penetration and Hardness of Soft Romogeneouc 
Armor and Pace-Hardened 3ullet Proof Steel ar.d a Description of a 
New 3asic feature »f Impact Penetration,    G-. D» liinzer.    Naval 
Research Laboratory.    EBL Report No. 0-1392.     22 June 19^2. 

(^O)lhe Effect of Temperature on the 3ehaviour of Iron and oteel in 
the Notched—3ar Impact iest.    ?.. K. Greaves and J. A, Jene3. 
Journal of the Iron and steel Institute.    Volume 112.    1925, 
No.  2. Page 123. 

(^)The £-ffect of Temperature en the 3ehaviour of Petals and Alloys 
in the Notchea-3ar Impact Test.    R.  a.  Greaves a..d J. A. Jenes. 
Journal of the Institute of i-.etals.    Volume 5^«    l°25i No.  2. 
Pago 85. 

(*t2) Correlation of .-.etallurgicai C^iaracteristics of ... .armor with 
Their 3allistic Properties at Temperatures of -^G0?. to -72°?. 
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E.    General Considerations 

Controversy vill always be rife as to the relative importance of 
superiority in resistance to perforation and superiority in resistance 
to  shock where there is a difference in these two attributes.    The 
conclusions of this report will evolve from the contention that, 
unless a material's resistance to shock is grievously inferior,  the 
prime consideration in the selection of aircraft armor material shtuld 
be its ability to resist perforation. 

Consideration of the most strategic placement of armor throughout 
an aircraft has not been made a part of this study because it is felt 
that such considerations are sensitive to the variable tactics of the 
enemy and more competent information concerning this phase of design 
may be garnered from an up-to-the-minute survey of intelligence reports 
from the appropriate theaters of operations. 

P.    Summary of Results and Discussion 

Iron the foregoing discussion the following observations may be 
made: 

ih^l 

'.-■'• 

1.    Under no contemplated conditions will the use of rolled homo- 
geneous steel or JDowmetal assure the maximum resistance (to perforation 
by small arms projectiles) per unit weight employed. 

a.    In general, when the obliquity of emplacement with 
respect to the anticipated line •£ fire is greater than 52*» 
•r when the ratio of plate thickness (weighed)  to projectile 
core diameter is less than 0.6,  the use of 2^3T duralumin will 
assure maximum resistance (to perforation "^y small arms projectiles) 
per unit wei^nt employed. 

b_.    Under all other conditions,  the use of face-hardened steel 
armor will assure maximum resistance to perforation. 

2. Under some conditions,  the resistance (to  shock) of rolled hemo-- 
geneous  steel armor is superior to that of face-hardened steel. 

3. Except in the case of attack by direct impact of high explosive 
projectiles, ti:e shock rcuiütance *f 24;ST duralumin is equivalent to or 
better taan that of steel. 

k.     Coincident with failure by perforation of armor piercing pro- 
jectiles,  2*+5T duralumin exhibits a tendency toward spalling. 

5. Lew temperature enhances the resistance to perforation of 2*+ST 
duralumin,  rolled homogeneous steel and face— hardened steel. 

6. Although low temperatures may affect deloteriously the chock 
reeistance of steel,  they apparently do not  lower the chock resistance 
of duralumin. 

'?" #! ajy COirSTBfrTlAL 
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7»    Inasmuch as it is considered that resistance to perforation is 
of prime importance in any consideration of aircraft armer design may 
well be based on observation 1« !_1 

8»    She most  strategic placement of arnior will vary from time to 
time with the tactics of the opponents and contemporary design may test '-[-■ 
be decided on the basis of study of the very latest intelligence reports •""'.''.-'>'!■-..•• 
from the theaters of operations. !'•■'.""."-''"■ ""■'} 

9«    Under attack of projectiles of larger caliber, or different • 
design or quality, the region of superiority of 2^-SS duralumin over 
face-hardened steel may be expected to be esctended. 
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A few typical examples #f the manner in which the use of Figure 1 
may prove helpful follow: « 

Example A, - Figure IS of this report indicates that at U50 -. ■■'■'.- ■'.-'■ 
obliquity protection against perforation "by a projectile strilcing at j         • 
a velocity of 3000 feet per second may he provided by face-hardened >;.--;/-;.;■•. 
armor when (ai/d)s 1.1.    If the expected projectile is a cal.  .50 A.P. .;-.■_•. 
M2,  what thickness of face-hardened steel is required at this obliquity? __ -.•    [■■"/■■.'/.[■■ 

Solution A. - Locate the value 1.1 on the (ei/d)  scale at the bottom  '" I■■_" 
©f Figure 1.    Follow the vertical grid line which intersects this scale I        • 
at this point until it intersects the steel scale at the bottom of the 
figure.    Uvaluate this intersection point.    Result: 0.^7" of face- 
hardened steel is required. !.".-'. 

■jyample 3. - From Figure 21A of this report it appears that the most -m.;\.■„■/.' 
efficient protection against a projectile striking at a velocity of 2S00 • 
feet per second, will be provided by the use of face-hardened steel at 
30° obliquity if other design considerations liinit the obliquity of 
installation to the range 0° to 30°.    The thickness of this material 
required is indicated as equivalent to  (e]_/d cos d*) of 1.6.    If cal.  .30 
A.P. M2 prcjectiles are expected at this velocity what is the actual • ^ _._ 
thickness of steel required? • 

Solution 3. - Locate the point at which the (e]_/d c»s 6) = 1.6 curve 
•f Figure 1 intersects the 30° «rdinate.    Follow the vertical grid line 
through this point to its intersection of the- steel scale at the t»p 
3f the figure.    Evaluate this point.   Result: 0.3h" of face-hardened 'r'~ 
steel is required. V 

Example C. - What thickness of steel installed at 5k0 ebliquity is 
equivalent in weight to lg" of 3ewmetal at normal obliquity, if the same 
area normal t» the line of fire must be shielded? 

w 
Solution C. - Locate 1.5 on the Dcwmetal scale at either the tcp or 

bottcm of Figure 1.    Follow the vertical grid line which passes through 
this value until it intersects the corresponding (e^/d)  scale.    Thus, 
(e^/d) = l.U on the cal.  .30 scale and 0.3 on the cal.  .50 scale.    Since 
(e^/i) and (e^/d cos 6) are equal at 0° follow either the (e^/d cos 6) = 
l.U curve or the (e^/d cos 0) = 0.8 curve until it intersects the 5^° 
rrdinate.    From this point follow the vertical, grid line until it 
intersects the steel  scale corresponding t»  the Dcwaetal scale originally 
selected.    Evaluate this point.    Result:    0.2" is the thickness of 
steel which,  when installed at 'jk'0 obliquity,  will equal in weight l£" 
• f Dowaetal at normal incidence, if the same area normal to  the line of 
fire is to be shielded. » 

• 
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,,  )    COMPARISON OF ACTUAL THICKNESSES OF MATERIALS OF VARIOUS DENSITY NEEDED TO 

YIELD EQUIVALENT VALUES OF t,/d 

IN OWWTY KIT EQU!VA«NT IN WEIGHT PER UNIT SURFACE AREA 

VARIATION HM ACTUAL THICKNESSES OP MATERIALS OF VARIOUS DENSITY AND OBLIQUITY OF INSTALLATION BUT 
Mt ««IOHT EMPLOYED IN SMIELDINO A UNIT AREA NORMAL TO THE DIRECTION OF PROJECTILE INCIOMCE 

:• ^-. •     .    . ,   ....„ .-'- „.   Sti 
ITtfPROJBCTILE DIAMETER ON MECHANISM OF FAttffl« 

i FIGURES 2 TO S.   THE THOMPSON eocrnciCNT 
CORRECTED TO THE THICKNCM OF STEEL OF EQU ill, At *   FUNCTION OF OK.I 

LENT WEIGHT PER UNIT  SURFACE 
OUITY  {S)   AND OF 
URFACE AREA (9j), 

THE  RATIO OF  PLATE  THICKNESS  (♦ 
TO THE PROJECTILE    CORE DUMtTEl R« 

(<f),   WITH ALLOWANCE .FOR  THEOREATER AMOUNT  OF OBLIQUELY   INSTALLED MATERIAL  NECESSARY  TO  SHIELD A  UNIT  AREA     NORMAL   TO 
THE  LINE  OF  FIRE  (  tj(f COS«?).     FACC HARDENED STEEL,   ROLLED H0M08ENE0US STEEL,   DURALUMIN,   DOWMCTAL. WTN.639-SW4 

! 

FIOJRIS t>  TO 0.     THE  THOMPSON COEFFICIENT IP)  AS A  FUNCTION OF PLATE MATERIAL 
CORKCTEO TO THE  THICKNESS OF STEEL OF EQUIVALENT  WEI8HT PER UNIT SURFACE AREA , 
Iff),   WITH ALLOWANCE/OR  THE  GREATER  AMOUNT  OF OBLIQUELY   INSTALLED MATERIAL  NEC 
Vflfc LINE OF riRC (t>/o* cos*), o*, JO», 45», «o*. 

F THE RATIO OF PLATE THICKNESS (? ), 
, TO THE PROJECTILE CORE DIAMETER 
RY TC SHIELD A UNIT AREA NORMAL TO 

WTN.639-5008 

(Va)   AS A   FUNCTION OF OBLIQUITY 
IVALENT  WEIGHT  PER UNIT  SURFACE  A 

FIGUREt   10 TO  11.  LIMIT OF  RESISTANCE TO PERFORATION 
NESS (*),  CORRECTED To THE THICKNESS OF STEEL OF EQUIV 
METER W),   WITH ALLOWANCE  FOR THE SREATER AMOUNT  OF OBLIQUELY   INSTALLED MATERIAL  NECESSARY To  PROTECT  A UNIT  AREA     NORMAL 
TO THC LINE Of FIVE (tJ OOMl.    FACE HARDENED STEEL. ROLL» MOMDSENEOUS STEEL, DURALUMIN, DOWMCTAL. WTN-630-5097 

(•)   AND OF  THE  RATIO or PLATE  THICK- 
REA (ej,  TO THE PROJECTILE CORE OIA- 

r 

FIGURES  14 
THICKNESS 

I TO  17 

OIAMET 

LIMIT  OF   RESISTANCE  TO  PERFORATION 
CORRECTED TO  THE  THICKNESS OF  STEEL  ANI ib foui 

TILE CORE DIAMETER Ml, WITH ALLOWANCE TOR THE GREATER AMOUNT OF 00LIQUELY INSTALLED MATERIAL 
To THE LINE or rivE (e, ^cos»)      '  * A UNIT AREA NORMAL TO THE LINE OF FIVE 

,) AS A »UNCTION OF PLATE MATERIAL AND Of THE RATIO Or »-LATE 
VALENT WEIGHT PER UNIT SURFACE AREA (Cj, TO THE PAOJEC- 

NCCESSARV TO  PROTECT 
WTN .630-600? 0*.  30*.  45». 60*. 

FIGURES ie TO 21. RATIO OF PLATE THICXNCSS (t) , CORRECTED TO THICKNESS OF STEEL OF EQUIVALENT WEIGHT PER UNIT SURFACE 
AREA («U, TO PROJECTILE CORE DIAMETER (c, 7W) NECESSARY TO RESIST PERFORATION tV CAL..30 APM2 OR CAL..SO APN2 PROJEC- 
TILES OF VARIOUS STRICXINO VELOCITIES AT VARIOUS DEGREES OF OtLIQUITY (•). FACE MAROCNEO STEEL, ROLLED HOMOGENEOUS 
STEEL.   DURALUMIN,   DOWMCTAL.  (OOWMETAL   CURVES  ALSO VALID  FOR 20HH APM79 PROJECTILE PERFORATION). WTN.639-6000 

i *■      AN  HtP-TRL BASIS FOR IM! EFFICIENT   OMItN I»!»  «I«»1CT TO PRSTCCTn»  AFFSASBt  H» WIT  »IMmT jJPLJgH) 

janrjfl »« St ATTACKS!  WITH   OAL..M  ♦>»!   OR  t*L    10 AJ m ian 

FIGURES 22 TO 25.    CIRCUMSTANCES,  .....   --- .   v- 
Or STEEL Or  EQUIVALENT WEIGHT PER UNIT  SURFACE AREA, 

WITH RESPECT  TO OtLIQUITY (•)   ANO  RATIO OF  PLATE 
0 PROJECT 11 " TO ILC CORE  DIAMETER  (•>, iw: NESS,  CORRECTED TO THICKNESS 

UNDER WHICH EACH 
IS  SUPERIOR  ANO   INFERIOR TO OTHER MATERIALS. FACE HARDENED  STEEL.   ROLLED HOMOGENEOUS  STEEL,   DURALUMIN, 
(lAGCO ON  FIGURES   It  TO  211. 

MATERIAL 
. OOWMETAL. 
WTN.619-6001 

HBURCS  m  TO  20.  HALF-ARCAS OF VULNERARILITY  FOR  DIFFERENT  MATERIALS UNDER  OIFTERD.T   RATIOS 
It  THICKNESS Or  STEEL  OT  EQUIVALCNT   WEISHT  PER UNIT 
1.0,   1.2.     (BASCO ON CAL..10 ATM 2 AMD CAL..50 ARM 2 

rrERCNT  MATERIALS UNDER  OIFTERCNT   RATIOS OT PLATE   THICKNESS,   CORRECTED 
SURrACE ABCA,  TO THE PROJECTILE CORE OIAMETER (<*,/<?)•  * Id ^SiSi8« 

\ 9      SPFECTOP CMANOf M RATIO 0» PtATI THICKNESS ADJUSTED FOR. Of NSITV 
VARIATION« TO PROJECTILE CALIBER (*, -<U ON VULNC «ABILITY AREAS 

FOR THE VARIOUS MATERIALS 

FIGURE   II.   TYPICAL  BACK   CONDITION  OF   24  ST   DURALUMIN  PLATE  AFTER   TESTS  WITH  CAL. 
(T.JCD  ANO UNYAWED)   AND  2DMM ME  PROJECTILES. 

,K   »PM.' CAL..50   APM2 
VTN.630-6CC4 
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* MJ>   WITH ALLOWANCE  FOB 
LIME V FIRf iC /»COS*). 

FACE  MAROCNEO  STEEL.     THC   THOMPSON  COEFFICIENT   (PI  AS  A  FUNCTION 0F   IMC   RATIO  Or PLAIE   IHICA- 
CKNESS or sit EL or EQUIVALENT »EIGHT PER UNIT BURVACE AREA ((♦,). TO THE PROJECTILE CORE   OIA 
THE  MUTER  AMOUNT  OF  OBLIQUELY   INSTALLED  MATERIAL NECESSARY   TO  SMIELB A UNIT   AREA  NORMAL   TO 
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EFFECT  OF CHftNgg   IN RATIO OF PLATE   THICKNESS. 

ADJUSTED   FOR! DENSITY   VARIATIONS    TQ  PROJECTILE 
!CALI$ER (e,/d)J0N VULNERABILITY   AREAS   Fqft  THE 

.,.,;.  .        VARIOUS   HfoTEm&LS.    
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aAT_,y Ballistic Limit 213C  f/a 
r*iJp.vy Ballistic Li..it 2l6'^  i/s 

ZJTJ^SIX 3 - Ballistic Data Sheet Ho. 1 

Helled Homogeneous Plate 668-0,   .24?" x 2Sgn x 36" 
Bid 321-3^3 Reference Wd-H2187 

Plate 
Plate Ed. Striking 

Obliquity No. 

4? M2 firings: 

Velocity Results 

Cal.   ,30 4 

ky- ^7 2057 PP-S3 
k3c 

23 2492 PP-i-3 
l^o 29 2760 Hit 2d. #20 - Disregard 
45 > 30 2760 CP~?!E? Sxit iiole l/4» x 5/l6" 
U5U 

31 2660a'n Qp_p.jri Sxit hole 7/l6" x 5/I6 
U50 32 2585 PP-1E3 
1+50 33 2b50a'n PP-M5 

ürmy Ballistic Limit r-:'i55 f/s 
nHavy Ballistic Limit  2o^  f/ s 

Cal.   .50 üP Kg Firings: 

45° 21 1S95 CP-P-I? 
45° 22 1780 <3>-P2> 
U5C 

3 17S5 GP-PIP 
I150 1610 CP-P2P 
»ig. 25 l5U0a»n 

PP-PUTi 
l|5o 26 1580a»n CP-P'IP 

6o° 
6o° 
Soc 

6oc 

60° 
60" 

Sxit hole 1-1/8" x $•» 
Sxit hole 11/13" x j» 
Sxit hole 3/8" x 5/8" 
Sxit hole 3/4" x 1/2" 

S 
2xit hole 1/2" x 3/8" 

aATmy Ballistic Limit 1560 f/s 
aNavy Ballistic LU.it 1560 f/s 

lo 
17 
lo 
19 
2C 

2350 GP-PTP 
2305 CP-PTP 
2285 OP-PIP 
2155a,n QP-CIP 
2175n OP-PIF 
210 5r- PP-L3 

GP-PTP    Sxit hole 3" xlj/lo" 
Sxit hole 5/8" x 5/:" 
Sxit hclo i" x 3/4" 

£:it hole &" x I3/I0'» 

.'^»--•»'-•- ~ •. ■ • - • - - • . * •-•--- - 1 



■ftPPaiSIX 3 - Ballistic Data Sheet go.  2 

Soiled Homogeneous Plate 67O-O,  .256" x 283" x 36" 
BHN 3UI-363 Hoference U&-B2186 

t-s- 

r •:■ -; 

Plate 
Plate fid. Striking 

Obliquity 

M2 Firings: 

Velocity 

2597 

Cal.   .30 A? 

1430 19 CP-PT? 
1+5° 20 2550a,n OP-PIP 
1+5° 21 2^05 PP-S3 
45° 22 2U62 PP-I43 
1^50 23 2550a«n PP-M3 

Results 

Sx.it hcle 5/1&" 
Exit hole 7/lb» 

X3/8" 
x 5/16" 

aArny Ballistic Limit ?550 f/e 
ajfavy Ballistic Limit r5J)C f/c 

Cal.  .50 AP Kg Firings: 

45c 

U50 

I45 o 

U50 

24 
25 
26 
27 
28 

1553 CP-PTP    Exit hole 3/I0" x 3/S" 
IU95 CP-PT?    Exit hole 7/lb" x 1/2" 
lUU5".n CP-PT?    Exit hole 1/2" x l/2" 
IUU5 Hit Ed. ylS - Disregard 
l,407a'n PP-Pun S 

aArmy Ballistic Limit l'42b f/s 
r-Kavy Ballistic Lrait IU26 f/s 

r • 

6o° 13 lo (-j PP-,5? 
bO° 1U 22iy PP-Pun S 
6o° 15 2307a, r. PP-L3 
6o° 16 25OC OF-PTP Exit hcle 5/S 
Go° 17 loot CP-PTP Exit hole 1/2 
6o° IS 23£8a'n CP-PTP iXit hole 1/2 

3/U» 

aAr_-.y Ballistic Liriit 2378 f/s 
a&avy Bf.llictic Limit 2378 f/s 

-• -• -• - • * -'  *•'  • -• ■■   ■  ■■ •-■'■■-■•■ • j j  •   - -»-»-»-« • -» -» < ̂ J 



APPJJDIX 3 - Ballistic Data Sheet Ho.  3 

Soiled Homogeneous Plate 67O-I,   .3W x 2&g" x 36" 
BHU 302-321 Heference WA-R21S5 

Plate 
Plato 2d. Striking 

Obliquity Ho, 

1-12 firings: 

Velocity Results 

Cal.   .50 AP 

1+5° 12 2239n CP-JäFH? 
1+5° 13 2275n OP-PD?    Exit hole l/2,! x 7/l6" 
1+50 Ik 2065 GF-CIP-BD 
450 is 1923 CP-K-1P 
45c 16 1826 GP-TFW 
1+5° 17 17 2D» CF-FPTP 
450 is. l680a PP-KB 

aArmy Ballistic Limit 1700 f/s 
nNavy Ballistic Limit 2275 f/c 

w    v.. «.       S-, •■■     1-    «.-.   -     .     .. —■ • »-■-*-■-» 
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APPELTOIX 3 - Ballistic Data Sheet Ho.  k 

Rolled Homogeneous Plate 668-1,  .375" x 28~|rt x 36" 
3&T363 Reference NA-R21S4 

u- - 
< 

s 

Plate 
Plate Rd. Striking 

Obliquity Ho. 

P M2 Firings: 

Velocity Results 

Gal.   .50 A 

450 llj- 2179 CP-FPIP 
1+5 ° 15 lost CP-PTP    Exit hole 1/2» x 7/l6n 

U50 16 2229 CP-PEP    Exit hole 13/l6N x 7/16" 
1+5° 17 2035 PP-Pun S 
M5° 18 20Ö2 PP-MB 
U50 

19 2175 CP-ÜPTP 
l+5o 20 2l0Ca,n CP-PTP    Exit hole 3/4* x 7/l6« 
450 21 2050a'n PP-I-1B 

r •.". 

r 

a , 
Army Ballistic Limit - 2C75 f/s 

nHavy Ballistic Limit - 2075 f/s 

• 

.•.-■■ 1-1.- T. I . 1. 1 . -'-•-•--*-•   «-.-»-«-■»-•-«-»-». ^ -■».-. -•-»-«----»-«-«- «- 



■aPPaiDlA g - Ballistic 3ata Sheet Mo. 5 

Boiled Homogeneous Plate 670-2,  .^90" x 28^" x 36" 
BHM 3IKU.363 Reference W^E21S2 

Plate 
Plate              Ed. 

Ohliau.ity           Ho. 
Striking 
Velocity 

Cal.  .50 AP M2 Firings: 

1450                  a 

1+5°                  10 
U50                  11 

2S30a»n 

2875 
2S6oa'u 

Results 

PP-M3 
CP-P©   Exit hole 9/l6" x|" 
CP-POT    Exit hole 5/8" x l/2" 

aArmy Ballistic Limit 28^5 f/s 
nIavy Ballistic Limit 28^5 f/s 

fr" " .'  ' ■* " ---/, 
V 

V , -.   . 

K --:-■■:-■ 

-,v1 

r V   V ■.-"" -.< 

r • 4 vj •- .1 
•>1 
••.1 

• 1 
1 

'■• 

.-.■I 

• ;.« 

fr* -   '   * 

t" 
■ ', 

1 

-•-'<* 

'--'"-•     --'"'  "   -  ' 

■«-1»-' «-" «-'   «■•'■ •~\m.' «-•  »'  «.    --■  ^.' 1-    •-    ^-    ..      ... 
*      I       *      ■ 



%% 

APP&IDIX 3 - Ballistic Data Sheet Ho. 6 

Holled Homogeneous Plate 662-2,  .490" x 2gg" * 36« 
BHN 33I-3U1 Beference WA-H2IS3 

Plate 
Plate Hd. Striking 

Obliquity No. Velocity He suits 

Cal.  .50 AP M2 firings: 

1450 12 2370 
2U2O 

PP-S3 
1+5° 11 PP-S3 
1+5° 2b25 PP-S3 
I50 15 2S50n CP-PEP    Exit hole 5/8» x 5/S" 
I450 16 2780a GP-EP3P 
1+5° 17 280011 PP-Pun S 
U50 IS 2730a PP-M3 

Army Ballistic Limit 2755 f/s 
nUavy Ballistic Limit 2S25 f/» 
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APPSETDIX G - 3allistic Data Sheet Ho, 1 

6lST Duralumin Plate So.  38071, l/4« x IS» x 72» 
Reference WA-R1588 

Plate 
Plate Ed. Striking 

Obliquity Wo. 

M2 Firings: 

Velocity 

1031 

Gal.   .30 UP 

1+5° 1 PP-S3 
45° 2 H09a»n PP-M3 
I450 3 1161 CP-PTP 
45° 4 1173 CP-PTF 
1+5° 5 1119a,n CP-PTP 

Results 

Hit Rd. #2 - Disregard 
Exit hole 1/4" x l/4» 
Exit hole 1/4« x 1/4» 

aArmy Ballistic Limit 1114 f/s 
nKavy Ballistic Limit 1114 f/s 

6oc 6 1583 PP-L3 
6o° 7 lost PP-LB 
6o° 8 lost PP-LB 
6o° 2 I9lla»n CP-PTP 
6o° 10 1805 PP-L3 
60 ° 11 1263a,n PP-L3 

Exit hole 1/4" x l/2" 

aArmy Ballistic Limit 18S7 t/t 
nNavy Ballistic Limit 1887 f/' 

75° 11 3009 CP-PTP Exit hole l/2" x 1-1/4» 
75° 2782 GP-PTP Exit hole 1/2» x 1-1/2" 
75° 25 2702 CP-PTP Exit hole 1/4» x 1-1/2" 
75° 26 27OO CP-PTP Exit hole l/2» x 143/4" 
75° 27 2572 CP-PTP Exit hole 1/4" x 1* 
75° 28 2363a PP-LB 
75° 29 2392s CP-FP3P 

aAray Ballistic Limit 2378 f/s 

Cal. .50 -&P M2 Firing! 

b0° 
£o° 
6o° 
6o° 
6o° 
6o° 
60 ° 
60° 

75° 
75° 
75° 

1306 CP-BPTP 
1248 CP-iTTP 
1189 GF-iP'TP 
1175 CP-FPTP 
II3S cp-ypTP 
l«St PP-LB 
1117a,a CP-PTP    Exit hole 
1079a»n PP-LB 

12 
13 
14 
15 
16 
17 
18 
19 

aArmy Ballistic Limit 1098 f/s 
niTavy Ballistic Limit 109S f/s 

20 1786 CP-FPIP 
21 174ga CP-FPTP 
22 1737a pp-LB 

eArmy Ballistic Limit 1743 f/s 

3/8« x 1 -i« 

k •.- -.- ..   . -.- 

r. _■; "-:."■•"■'> 

i     .   •. 

1*- ■ . - . ~". ■". • 

■-•-•-•■-•     ----•-■-<-     _-..-.■.--•.*-«-.-..»    ... ■'- I'-'»'--^ 
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APPENDIX 0 - Ballistic Data Sheet Ho, 2 

6lST Duralumin Plate No.  38072,  .370» x IS" x 72« 
Reference WA-R1583 

75° 22 3001 PP-S3 

Army and Navy 3allistic Limite Not Determined 

Cal.   .50 AP H2 Firings: 

45° 7 Ust CP-PTP    Hit Ed.  ^-Disregard 
U50 g 1101 CP-PTP    Exit hole 3/l6" x 7/l6" 
45° 3 986 CP-PIP    Exit hole 7/l6" x $/l6" 

Army and Navy Ballistic Limits Hot Determined 

60° 10 1508 PP-LB 
60c 11 1533a»n PP-L3 
6o° 12 lb3H GP-PTP    Exit hole 3/4" x 7/lb» 
60° 13 156la«n CP-P2?    Exit hole 3/4» x l/2" 

aArmy Ballistic Limit I5U7 f/3 
nNavy Ballistic Limit 15U7 f/s 

75° 18 267O CP-PIP Exit hole 2» x 1/2" 
75° 19 24p4 CP-PTP Hit Id.  vlS - Disregard 
75° 20 2302a,n CP-PT? Exit nole 2" x 1/4» 
75° 21 225ya«n PP-L3 

aAroy Ballistic Lir.it 2281 f/s 
aKavy Ballistic Limit 2281  f/s 

Plate j       • 
Plate               Rd. Striking 

Obliquity           No. Velo city Results  ,-'-."--V'. 

Cal.   .30 AP M2 Firings: \<;«>\ 

300              1 1061 cp-cip                                                   — --^ 

Army and Navy Ballistic Limits Not Determined 

1+5°                     2 lU5h GP-P2P    Exit hole 1/4" x 1/4«                                   0 
45°                 3 1229 PP-SB 
45°                     4 1298a CP-CIP 
45°                    5 lost Hit edge of plate - Disregard 
45°                    6 1250a PP-SB 

aArmy Ballistic Limit 1274 f/s 

60#                  14 2225 PP - Supported - Disregard                                               * 
60°                  15 2235a'n CP-PTP    Exit hole l/4» x l/2N 

60°                  l6 2191 PP-LB 
60^                   17 2264a*n CP-P2P    Exit hole 1/4» x l/2H 

aArmy Ballistic Limit 2213 f/s 
nNavy Ballistic Limit 2213 f/s "      § 

►- 

.    . . - , -     .---..     ...    -     ■     . ■ .    ■     ..    .-   -. - .     .     -   ■■    ..__•.    .    .     .    » _ . .  ■     ■    .        . .     .■■_■..■.._.■..._... 



APPÜüTDU G - Ballistic Data Sheet Mo.  3 

6lST Duralumin Plate Bo.  38073, l/2" x 36" x 36" 
Reference tfA-RlpgU 

L..-t 

Plate 
Obliquity 

Cal.   .30 AP Hg Ürings: 

Plate 
Ed. 
No. 

30° 
30° 
30° 
30° 

1 
2 

i 

Striking 
Velocity 

l35ga,n 

lUSU 
lUUo 
iUooa»n 

Results 

PP-LB-CIP    BD 
CP-PTP    Exit hole l/U" x 1/1*" 
CP-PTP    Exit hole l/U» x l/U" 
CP-PTP    Exit hole l/U" x l/U" 

a4rmy Ballistic Limit 1379 f/s 
nNavy Ballistic Limit 1379 f/s 

U50 
5      • list PP-S3 

U50 6 1786 CP-PTP 
U50 

7 17U7 CP-PTP 
U50 

8 l689a,n CP-PTP 
U50 

9 l679a.11 PP-SB 

Exit hclc l/U" x l/U» 
Exit hole l/U" x l/U" 
Exit hole l/U" x l/U" 

aArmy Ballistic Limit l6sU f/a 
niJavy Ballistic Limit IbSU f/s 

6oc lU 2U96 PP-LB 
6o° 15 2582 PP-LB 
6oc 

16 2587 PP-LB 
6o° 17 lest PP-LB 
6o° 18 lost PP-LB 
6ü° 13 lost PP-LB 
6o° 20 2B02a,n PP-LB 
6o° 21 lest CP-PTP    Exit hole l/U« x 1/2" 
6o° 22 2gUia,n CP-PTP    Exit hole l/U" x 1/2" 

aArmy Ballistic Limit 2822 f/s 
nNavy Ballistic Limit 2822 f/c 

Cal.   .50 *P *i2 firings: 

U50 

U50 

U5e 

U3'J 

6o° 
bO° 
6o° 
60° 
6o° 
6o° 

10 
11 
12 
13 

2 
2 
25 
2b 
27 
28 

1187a 

1100 
llbOa 

1152 

CP-CIP-FPTP 
PP-LB 
pp-sa 
PP-HB 

lAnay Ballistic Limit 117U f/; 

5 lost 
22&J5 
lost 
226U 
21bOH«n 

2130a, r. 

CP-PTF 
CP-PTP 
PP-JB 
CP-PTP 
CP-PTP 
PP-L3 

Exit Lcle 5/8" x 1" 
Exit hole 1/2" x 1-3/8" 

Backed by support - Disregard 
Struck Rd.flO - Disregard 
Exit hele 1-1/2" x 9/lb" 

aArmy Ballistic Limit 21U5 f/s 
nHavy Ballistic Limit 2lUJ> f/s 

• • 

-^ -'* -'-■-*-»-•-'   ■•  * - 



f: 

■tttfMSIX C - Ballistic Data Sheet Ho.  3 (Cont'd) 

Plate 
Plate Ed. Striking 

Obliquity No. 

AP M2 Firings 

Velocity 

(Cont'd): 

Results 

Cal.   ,50 

75° 29 2704 PP-LB 
75° 30 27S5 PP-LB 
75° 31 2795 PP-LB 
75° 32 2804 PP-^LB 
75° 11 2850 3acked by support - Disregard 
75° 2854 PP-R3 

75° 35 3021 PP-LB 

•'. 

Army and Navy Ballistic Limits Hot Determined 

1 
f " 

r ■ 
• 

'■'- Mi 
•'.- '■':'■  '■'.'' 

*• 
■-: -:■•: 

.-.--■ * 

■ «.1 ■%■..-!-• »-.-■■■ '■« »« ■ « »,». -» -» ' - ■ ■ - - ■ 



APPENDIX 0 - Ballistic Data Sheet No.  k 

6lSI Duralumin Plate IT«.  38074, 5/8" x jS6n x 36» 
Reference -WA-RI585 

Plate 
Plate Rd. 

Obliquity Kg. 

Cal.   .30 AP M2 Firings; 

300 

300 

300 

300 

30° 

1+5° 
1*5° 
45° 
I450 

l 
2 
3 
k 
5 

Striking 
Velocity 

15145 
1350 
liHO 
1500a 

lfo8a 

Results 

CP-EPIP 
PP-MB 
PP-L3 
CP-EPIP 
PP-SB 

aAnay Ballistic Limit l4s4 f/s 

lU lost 
15 1935 
16 2024»fa 
17 2072a'n 

aArmy Ballistic 
r*Navy Ballistic 

CP-PI?    Exit hole l/U" x l/U» 
PP-SB 
PP-SB 
CP-PIP    Exit hole ifk« x l/k" 

Limit 204g f/s 
Limit 2048 f/s 

Cal..50 Ag Ü2 Pirings: 

300 6 1108              CP-PIP    Exit hole l/Z" x 1/4« 
300 

7 972            ?P- Supp*r tea-Disregard 
300 8 981              CP-EPIP 
300 9 97 4             CP-EPIP 

Army and Navy Ballistic Limits Not Determined 

145 0 10 lU21             PP-MB 
U50 11 11177a,n        CP-PIP    Exit hole 7/l6" x 1/lS" 
U50 12 lost              CP-CIP 
h5o 13 Ikhga.n       pp-33 

6o° 
6o° 
6o° 
6o° 
6o° 
6o° 

75° 

Army Ballistic 
nNavy Ballistic 

18 26US 
19 2525 
20 2U27 
21 2^38 
22 2338a'n 

23 2380u»n 

aArmy Ballistic 
nNavy Ballistic 

24 2963 

Army and Navy Ballistic 

Limit 1464 f/s 
Limit 1464 f/s 

CP-PIP    Exit hole 5/8" x 1-1/2" 
Struck Ed. -fö - Disregard 
CP-PIP    Exit htle 1" x 7/l6" 
PP-Supper ted-Di ercgard 
PP-L3 
CP-PIP    Exit hole 3/4" x 7/16" 

Limit 2359 f/s 
Limit 2359 f/s 

PP-LB 

Limite Not Determined 

- ."•' «■"'■ * 

r 
1 -, - 

• 
,'- *J 

L- '.- 

L. '-'-■- ■ .;- .' 

• • 
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'.'•",'■■ ."- 

■?-!• 
■.'^.^ V; 

>. • 
■""-* 

r" • 
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u , 

■. 
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APPENDIX C - Ballistic Data Sheet "o. 5 

6lST Duralumin Plate No. 38075, 3/V x 36" x 3^" 
Eeferenee VJURlfjgf? 

Plate 
Plate lt..    striking 

Obliquity No.    Velocity 

w2 Firings: Cal. .30 AP 

30° u          17U2 CP-FPTP 

300 5     lost PP-SB 

30« 6     l699a CP-FPTP-CIP 

30° 7     l6soa PP-i-iB-ClP 

aArmy Ballistic Limit I69O f/s 

U50 8       2230 PP_L3_CIP 
U50 9     2279s CP-CIP-FPTP 

1»5° 10       22UUa PF-MB-CIP 

Results 

aArmy Ballistic Limit 2262 f/s 

Cal. .50 AP M2 Firings? 

aArmy ballistic Limit l6l2 f/s 
nNavy Ballistic Limit l6l? f/s 

6c° 16 26UC 
6o° 17 lr.st 
6o° is 2659a.n 
6cc 19 26^5 
6o# 20 2721 
6o° HI 2700a»n 

PP-L3 

CP-FTP Sxit hole If" x V 
FF-LB 
FP-Siprtrtei-Disregard 
CP-PTP" Sxit hole 1-3/8" x £" 
CP-PTP Exit hole 1" x 7/I0" 

aArmy Ballistic Limit 2b8C f/s 
nNavy Ballistic Limit 268C f/s 

r. "• 

30 > 1 H3O • CP- .FFTP L • 

30° 2 1072a pp- -SB-CIF * 

30° ^ 1095a CP- •FPTP j.'v "■"" -'-' 

11 

aArmy Ballistic 

1^29 

Liait 

PP- 

108U 

.MB 

f/s 
'.•.' 

*.■ •, .- 

L50 
.. _.. . 

U50 12 152^ rp. .SB 
k5r. 13 lr91a,n pp. .dB 
k? lU 162U Ki1 t   *t*- • No. S - Dj .«regard . 
L5° 15 l633H,n CP- -PTP Sxit v ole 5/8" X 7/16" 

• ■ 1   1 - • • - - ' • ■ ---- - ■ • • - - • - -■-• .-■.-■--■-•-•■.-■.■.-. 



iPPSNPIX C - Ballistic Data Sheet No. 5 (Cont'd) 

Plate 
Obliquity 

Plate 
Bd. 
No. 

Striking 
Velocity Hesuits 

C3,l. .50 AP M2 Firings: 

75°       22      2975      HP-LB 

Army and Navy Ballistic Limits Not determined 

00 23 2372 CP-PTP 
Oo 2U 22S3 CP-PTP 
0° 25 lost CP-PTP 
c° 26 2091 CP-PTP 
0« 27 1955 CP-CIP 
0§ •   23 1395 a CP-CIP    Pun S 
0° 29 lS6oa PP-CIP 

aArmy Ballistic Limit 127S f/s 

„— 

•   %> •   • 

..1 •- V..-W. '- '--'-■ > •- 
■ • •>-•-«--■--«-- __•*. ■I -- ' " •- •- -      ■■.•.. . ..'. .-. -«.:.. -.* - - .. -^i- •-..—J^. 
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APPjggSIg C - Ballistic Data Sheet No. £ 
■ " ■■'■<'" —■«■■■'■ ■ — WII ■.■■■ — ■  <w     ■  i   ii     i   ■■■,.■ ■■■.■■■    .... i.T ii 

613T Duralumin Plate i*o.  38076,  1" x 3^" x 36" 
Reference rrA-Rl587 

Plate 
Plate      Ed. 

Obliquity    Uo. 
Striking 
Velocity 

2009 
2iUea»n 

2120a,n 

Results 

Cal. .30 AP M2 Firings: 

30°      1 
30°      2 

30°      3 

PP-SB-CIP 

CP-PTP Exit hole t" x t" 
PP-L3 

aArmy Ballistic Limit 2130 f/s 
nNavy Ballistic Limit 2130 f/s 

Cal.   .30 AP M2 Firings: 

25o2 PP-SB 
2712 PP-MB 
27gya,n CP-PTP    3xit hole f"  x t" 
27l+2a'n PP-33 

aArrny Ballistic Limit 2765 f/s 
nUavy Ballistic Limit 2765 f/s 

U50 15 
1+5° 16 
U50 17 
U50 1? 

Cal. .50 AP 1-12 

30° U 1297 PP-MB 

30° 5 1360 PP_>IB_CIP 

30° 6 iUUoa PP-iQ 

3C° 7 lost CT-Struck Rd. #6-Disreeard 
30° 8 I5U0 CP-FFTP 

30° 9 lU88a CP-ÜIP 

aArmy 3alli*tic Limit 1U6U f/s 

K 10 173^ PP-3B 
U50 

11 1821 PP-3B 
U50 12 2022 CP-CIP 
U5° 13 1920a,n PP-S3 
U51 Ik j^^coa.n CP-PTP Exit hole 7/l£" x 5/8" 

aArmy Ballistic Limit I9U5 f/s 
nNavy Ballistic Limit I9L5 f/8 

c0° 19 2983 PP-iQ 

Army and Navy Ballistic Limits i'ot Determined 

SaL *W AP M2 BujJ.^j, I\uly_I&«fl& 

0£ 20 2067 PP-L3 
0° 21 215C PP-LB 
0° 22 22U7 PP-L3 

'->-♦—'■•-••«•■''-»•»•»        .-»•■       .■-..'.         -■ ■   '->     -•-•-•      ^     .    .^-   ■••-.-,-.-   T   ..^«.- ;.       .    ■^•.■•>' 



APf3i:DIX C - Ballistic Data Sheet No.  6  (Cont'd) 

Plate 
Plate Ed. Striking 

Cbliquitj r             Ho. 

HS  M2 Bullets 

Velocity 

Fully Yav/ed" 

Results 

Cal. .50 

PP-LB 0° 23 2328 
0° 2k 2U61 FP-.LB Slight crack 
0° ?5 2US5 CP-PTP Incomplete Yaw-Disregprd 
0° 26 2515 PP-Pun S 
0° 27 2^05 CP-PTP !'o ypvr-Dinregard 
0° ?* 25^U CP-PTP '"o yaw-Disregard 
0° 29 2572 CP-PTF Incomplete Yaw-Disregard 
c° 30 25^5 PP-LB Cracking 
cc 31 2'2U CP-PTP Incomplete Yaw-Disregard 
0° 32 2;"20 PP-L3 ? Cracks 
0° 33 2f-'7U CP-PTP 'To Yaw-Disregard 
0° 3U 2665 PP-LB Large crack 
c° 35 2700a PP-LB 
0° 36 2?U6a CP-2PTI 

• 

aAray Ballistic Limit 2723 f/s 

«... 
1 

• 

L   t 

L   • 

«   • 

-•-•-•■- -  •  - ..-■-•-    -■-•■■■-■■    -.-    ■■-■■    --•-•-•-»-»-•-»-     ->-■-    ■  ■..-•■..._..,_^_..1_-  ...... ..-■-.-.-<- 



APPSIIDIX C - Ballistic Data Sheet Mo. 7 

24SJ Duralumin Plate He. 31435, -|" x 36" x 36" 
Reference WA-RS50 - ö'ee also APC-A4304 and 

Figure 9 *t Appendix C, this report 

.-< 

Plate 
Plate Ed. Striking 

Obliquity No, 

H2 Firings: 

Velocity Results 

Cal.  .30 AP 

30^ 27 985 PP-S3 
3Ca 2g 396 PP-Yawed-Disregard 
300 

29 IOU5 PP-Hit Ed. No.  21-Disre£ard 
300 

30 H65 PP-NB 
300 

31 1180 PP-NB 
300 ^2 12?4 PP-3B 
30° 33 1335 PP-SB 
300 3^ 15lß CP-PTP 
30° 35 iinoa«n CP-PTP 
300 36 l4na»n PP-SB 

so- 

50c 

50° 

50° 
5CC 

50° 

50° 

> .- # , , 

,£, A>i 

aArmy Ballistic Limit l421 f/s 
nNavy Ballistic Limit 1421 f/s 

U50 IS 1505 PP-NB 
.- "■ '•■ * 

1+50 16 lost PP-NB 
U50 17 last PP-NB 
U50 If? lest PP-NB - - 

• 
U50 19 

20 
lost 
ltst 

FF-SB 
CP-CIP 45° 1 . 

45t 21 
22 

lost 
lost 

CP-PTP    Exit hole 3/8"  x 3/8" 
CP-CIP 

r ■-. • 
U50 ;-\ 
450 23 lost CP-FPTP 
450 

24 2037 PP-S3 «... 
0 

451 
25 2121a,n PP_dB-CIP t- 

l+5o 26 21b6a'n CP-PTP    Exit hole 3/8"  x 5/16" 

»Army Ballistic Limit 21U4 f/s 
nNavy Ballistic Limit 2144 f/s 

52 

? 
55 

5* 
57 
58 

59 

2552 
2629 
2632 
2502 

23?0 
24 V 
2Ub2a»n 

2422a,n 

CP-CIP 
CP-Supportod-Disreg«rd 
CF-FPTP    FS $"  x £*,  BS I« x 3/8r 

CP-PTP    Exit hole £"x3/S" 
F3 3/UM  x 1-1/5" 

PP 
FP- SUTPüO r t ed-Di 6 regard 
CP-PTP"   Exit hole U/3J '.J 

F3 11/lo» x 3/4'» 
PP-o3-F3 9/lh^' x 13/lb" 

5/8" 

aArmy Ballistic Limit 21*32 f/s 
nKavy Ballistic Limit 243? f/a 

«   • 

■•---■-•-»■ -*-»-*-•-* -• -• • • - ■ ■ *   ■ 



A?:BNDIX C - Ballistic Data She*t No.  7 (Cont'd) 

Pl?tp 
Plate Rd. Striking 

Obliouity No. 

M2 Firings: 

Velocity 

2US2 

Hesuits 

Cal. ."50 AF 

PP-SB 6cc 37 
6C° 38 2552 PP-SB 
6c° 39 26U2 PP-SB 
6o° HO 2752 PF-SB 
6o° kl 2890 PP-SB 
6o° U2 2902 PP-M3 

6o° ^3 2980 PP-H3 
6o° UU 3002 PP-HB 
6ce k5 3032 PP-iiB 
6C° U6 3101 PP-LB 
6o° U7 3IOS PP-LB 

Amy and Navy Ballif stic Limits not Determined 

Cal. .50 AP M2 Firings s 

1|50 7 20U2 CF-PTP Exit hole |rt x 5/8" 
U5o 8 192U CP-PTP Exit hole ^" x lu 

L50 Q 17^8 CP-PTP Sxit hole 7/8" x l" 
450 10 1627 CP-PTP Sxit hole 7/!3" x 7/8" 
U50 11 1526 CP-PTP Sxit hole >" x f" 
U50 12 IUU5 CP-PTP 2bcit hole £n x 3/8M 
U50 13 I370a»n rr-33 
L.50 11* lU02a'a CP-PTP Sxit hole 11/16" x ^" 

aAnr.y Ballistic Limit 1386 f/ß 
nNavy Ballistic Limit 1386 f/s 

PP-FS 9/16" x 2in 

PP-FS 5/8"  x If" 
PP-FS 3/U«  x l-7/Sn 

QP-PTP-FS 1-3/16" x J. 
BS 5/8" x 7/8" 

aArmy Balliatic Limit I76S f/s 
llHavy Ballistic Limit 1768 f/s 

50° Ug 1631 
500 UQ 1690 
50* 50 1714.5a» n 
50° 51 1791a,n 1/kr 

6o° 1 2R25 CP-PTP-BS at" x I5/16" 
6cc 2 2^13 CP-PTP-F3 *Nx5/8", BS 7/8x2-1/8" 
60° 3 2332 CP-PTP-FS 7/8x1". J3 5/8"x5/S" 
6oc u 2135 PP-MB 
60* 5 2235a,n PP-MB 
6r° 6 2255a,n CP-PTP-FS 7/8"xl-3/U", 3S 5/8wxli" 

- . * 

r—•—' 
k ,-   • 

r-:---:---»:-' 

70° 
70° 
70° 
70° 

aArny Ballistic Limit 2230 f/s 
n:,r

aVy Ballistic LiiV.it c2}(j f/s 

60 2li5f".a CP-FFT? 
61 2339 PP.13 
62 2H02 PP-KB 
63 2^23» HP-lffl 

Army Ballistic Limit üUUO f/s 

■ '-•'- * -•'-»'-* "-• •-■»-» -»■*-» v«•-« •»•-« • -•-•-•■• 1 •.-•.:.'-.--.- -•-■•- .. ■.».:.....-•-• •_•*. ■--•>.. •-:.■-. -. - ■- -. 
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APPENSIX C f Ballistic Data. Sheet No. g >."' 

2UST Duralumin Plate No. 31^, 5/8" x 36" x 36" 
Reference WA R8U9 - See also APG--AU3CU and *: 

Figure 9 of Appendix C, this report L. 

Plate ■".-; 
Plate      Rd.    Striking L. 

Obliquity    No.    Velocity Results  [\- 
Cal. .30 AP M2 Firings; 

3Gft       26       176Ua    PP-SB-CIP > 
30°       27       1782a    CP-CIP 

aArmy Ballistic Limit 1773 f/s 

U50       5       259U     CP-PTP Exit hole i" x 3/8" 
U50       6       lost     PP-SB 
U50       7       lost     EPJKB i". 
U5» 8 2355a,n        CP-PTP-BS f" x 3/8" " 
U50 9 2323a.»      PP-N3        ' •; 

aArmy Ballistic Limit 23UI f/s k 
nNavy Ballistic Limit 23UI f/s r;' 

500 28 27*+2a 

500 29 2661 
500 30 2702a 

CP-FPTP-FS 3/U»xl\ BS 7/l6"x7/l6" 
PP-NB-FS 7/8" x i" 
PF-CIP-FS 5/8"  x 3/U", BS 7/l6,lx|" 

aArmy Ballistic Limit 2722 f/s 

aArmy 3allir.tic Limit 167g f/o 
nN:.vy Ballistic Limit 1678 f/s 

Gel, .50 AP Ii2 Firings: 

II7U PP-S3 

■-*"-'. 

300 If ^,.;. - .".- fc-( 

w> 17 12U5 CP-CIP • 
30« 1? 1280 CP-PTP Exit hole i" x 3/U" 
30° 19 lest CP-PTP Sxit hole 3/8" x V 
300 20 1153 Cf-CIP ■ 

30* 21 1250 CP-CIP 
300 22 IC69 PP-N3 
300 11 10H0a PP-HB • 
30» II32 PP-3B Kit near to Rd. #22-DisreRari 
300 25 I0f5a CP-FPTP_Pun S 

aAray Ballistic Limit IC53 f/t 
■'.'.. 

U5o 1C 20 6l CP-PTP Exit hole 3/?" x ;v" • 
U50 11 18c5 Overlaps Rd. 1'c. 7-2isragard 
1*50 12 277I CP-CIP 
Uge 13 lt57a»n P*-3J 

kf Ik 1723 CP-PTP Exit hole 3/3B x 5/Sn 

U5c 15 ih9f;a»n CP-P'.P Sxit hole 3/8" x 5/8" 

• ~, 

M  -  - -  -  - " ■  -     -  -   ' - ■ ■     -  -     -  -■-  -•-'  «-<-»-■-•---  - ^ - ■ -.- -— L-r.. ^—J-^-J^».^^—.»^^-■»-A^jt^^^jJ«^j^^--^-j. ̂ J 
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APP3CTIX C - Ballistic Data Sheet No. 8 (Cont'd) 

Plate 
Plate     üd.    Striking 

Obliquity    No.    Velocity     j Results  

Cal. .50 AP M2 Firings: 

50O 31 192Ua PP-HB-P3 7/8"  x 1-5/g" -•.-.-•--• 
50° 32 2100 Hit 8d. K«. 2-Disregard . . .    * 
50° 33 197ia CP-FPXP 

«Amy Ballistic Limit 1JJU8 f/s 

60* 1 2905 CP-PTP-3S 1" x 1-1/2" -        # 

60° 2 2799 a»n        CP-P2P-BS l-3/g"x2-3/U", 
PS l-l/S,,x3/g(, 

60 3 2670 PP-MB   Two 3/U" B.C. 
60 k 2770a»n PP-MB lj" BC 

aAnny Ballistic Limit 2785 f/s f     "9" 
RKavy Ballistic Limit 27*5 f/s •      ' 

■    UA. .•'.■■V^Ü'.VW'W.^.  »-^'V-^    ^    »- '  *-     --     »-     .I.-.L     L',1 A"   I-   L'.-,   1'   ■■'   ^'   »,\.  ■■■h.-.'.'r   '.'   ^,   h    •-■    ■     W    "■      ■'.fc.h'  d 



APPSTOIX C - Ballistic Sate Sheet Ko. 9 

2UST Duralumin Pl?te No. 31U37, 3/U" x 36" x 36" 
Reference "A R891 - See also APG-A^oU and £» 

Figure 9 of Appendix C this report 

I" ■ 

Plute 
Plate               Hd.            Striking 

Ohliouity No. Velocity  Results  

Cal.   .10 AP M2 Firings; 

30°      18      1990a     PP-CIP Pun S 
30°      19     2055     CP-CIP-.3S 3/16* x  3/8" 
30°       20      2038a     CP-CIP-BS §"- x 3/g" 

aArmy Ballistic Limit 20lU f/s 

U50       9       3008      CP-PTP-PS 5/8" x 3/U" 
U5* 10 2929 cp-PTP-FS 5/8"x3/U", Bö 5/i6"xin 

U50 11 2717 PP-3B 
U5C 12 27o2a'n CP-PTP-BS A"  x 7/I?" 
U5» 13 2722a«n PP_&)_F3 3/16"  x 1" 

aArmy Ballistic Limit 27U2 f/s 
nNavy Ballistic Limit 2lkZ f/s 

CP-FPTP-FS l"xl-l/S\ BS 5/l6"x£" 
CP-FPTP-FS l"x5/8\ 3S *Hx 5/8" 
CP-FPTP-FS 1-1/8"x7/S"i  ^S A/'x£" 
PP_SB-PS 1" x 

5c0 30 - 3C91 
50c 31 2995 
50° . 32 2887a 

50* 33 2838a 

aArmy Ballistic Limit 2863 *i* 
r ••■ — 

Cal.   .50 AP M2 Firings: 
30° 1M. 1377 CP-CIP-BS 9/16"  x 5/8" 
30c 15 lost PP-SnT5T)crttid-Disre^ard 
3C° lb 1278a PP-S3 
300 17 1287a Cp-FPTP    Pun S 

»Army Ballistic Licit 1283 t/a 

^5 2 25C5 CP-PTP-3S 1-7/S" x It" 
^5 3 2328 CP-FTP 
U5 k 2328 CP-PTr-33 7/8"   x 1-1/8" 
^5 5 215c CP-PTP-BS th  x 1/8" 
*5 6 2C-38 CP-PTP-FS ]."xl-5/8", BS *"x7/l6" 
^5 7 lQ2Ua CP-FPTP-Ba hn  x t" 
45 8 1875» rP-33 

aArmy Ballistic Limit I9OC f/s 

■•- ■-.-...•"■- .'. / V V- .• •-■•-■•-» "-' '-f -« •-- -• '-i '-« -■ '-■« ~J~-*  _.j-^--i •_. -■ -..:■> • t -,.- >•. ^.. »- J^..-.- -■ tm ^-^-^1. 
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APPENDIX C - Ballistic Data Sheet No. 9 (Cont'd) 

Piste 
Plate Kd. Striking 

Obliquity No, 

M2 firings: 

Velocity Hesuits 

Cal. .50 AP 

500 21 2789 CP-PTP-BS 1-3/g" x 1-3/3" 

50° 22 2^91 CP-PTP-BS 1" x 2" 
5C° 23 2530 CP-PTP-BS 7/8" x 7/8" 
50° 24 21+32 CP-PTP-BS li" x 3/4" 
500 25 2260 CP-PTP-BS 3/4" x 3/4" 
50° 26 2150 CP-PTP-BS 3/4" x 15/16" 

CP-PTP-BS 1(| x 3/4" 50° 27 2120 
^0C 28 2040a,n CP-PTP-BS 5/8" x 11/16" 
50° 29 1995a,n PP-NB 

eor- 

aArmy Ballistic Limit 2018 f/s 
nNavy Ballistic Limit 201S f/s 

r 

2961 PP Crack in rear at*. Incipient 
BS 1§" x 2-3/4" 

Army and Navy Ballistic Limits Not Determined. 

Cal. .50 AP h2 Bullets Completely Yawed: 

0C 34 2476 CP-PTP 

CJ 35 2334 CP-PTP 

cc 36 2281 CP-PTP 

cp 37 2257 CP-PTP 
Cc 38 2022 CP-PTP 

0* 39 1976 CP-PTP 
Oo 40 1909a, n CP-PTP 

Co 41 1867a'n PP-iO 

r—y 

eArmy Ballistic Limit 1F?1 f/s 
nNavy Ballistic Limit 1881 f/s 

.•■-■.-•-..•.-•.-.■•.  .-...-•«-.-•-'.-.-'•. .•..•■.•«..... _ , -' .•■_,-•.-'._. -.i .  .-.  -■--..  .'i.^iJ..^^—..—..-U...«—j.^^—fa^-<^t-|.a.<V-^^^|j 



A?F:I-JDK C -_ Ballistic Data Sheet No. 10 

24ST Duralumin Plate Ho. 31438, 1.013» x 36» x 36» !':' ." . \ 
Reference WA-R892, See also APG A4304 and [""•* 

Figure 9 of Appendix C, this report ;-';--;?-- 

piate '.:'■ :.■:;- 
Plate               Rd.            Striking f/■'/;'■*/, 

Obliquity No. Velocity      Results   '-/.;•■"' '"> 

Cal.  .SO AP H2 Firings; , .   •. 

30° 16 2447 CP--CIP   Tun 1./4» x l/4» 
5C° 17 2300a PP-S3 
50' 18 2336* CP-GIP   Pun S 

aArmy Ballistic Limit 2518 f/s ~        ' 

45* 6 2702 PP-NB   FS 7/8» x 1-3/8» 
45« 7 2812 FP-NB    FS 1» X 2" 
45- 8 2923 1'MJB    FS 7/8» x 3/4» 
45* 9 2977a F.MIB   FS 1-1/2» x 1» 
45* • 10 3027a CF-CIP    Pun 1/4» x l/4»                                   j—"* 

aArmy Fallistic Limit 3002 f/s 

Cal.   .50^ AP 112 Firings; /.■':' 
50*   " 11 1846 CP-CIP    ES 1/4» x 3/4» 
30* 12 1775 CP-CIF    ES l/4» x l/2» t      • 
30° 13 1661 CP-FPTP   PanS 
30* 14 1640a CP-CIP   Pun S ' •  ■ >- 
30° 15 1590a PP    1/2» DC '■/:'■ 

aArmy Ballistic Limit ltili.   '/z H—^* 
K- .-*- 

45°                    1                2373                CP-PTP    PS 1/4" x 1/4« :'.'/'. 
FS 1-1/4» x 1-1/4» .   ';-'•';'• 

45°                    2                224öa>n          CP-PTP    FS 1-1/4« x l-S/4» \ 'v-V \ 
Slight PS :-.-■.;■-";■ 

45°                   5               2115               PP   Struck Rd. Mo. 2 - Disregard 1 
45*                   4                2169               PP-KP   FS l£" x 1-1/4« 
45*                    5                2209a>n          PP-MB    SHght FS 

«krmy Ballistic Limit 2226 f/a. Vv .' 
n!.;aTy Ballistic Limit 2226 f/s. ; v";\ 

50° 19 2456 PP-SR    'S 1-5/16» x 2|» 
50c 20 27SQ CP-PTP    rS 1-2-/8» x 2-1/8" 

DS 1" x 1-1/16" 
50* ill 2590s CP-€TP    FS l\* x 1-5/8« V-" /.- 

BS 3/4" x 7/0" : ■:•'•..:•; 
50* 22 2498 PP # 
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"V. ^V/ 

APPENDIX C - Ballistic Data Shoot No, 10 (Cont'd) 

Plate 
Plate Rd. Striking 

Obliquity ^No. Velocity 

Cal.  .50 AP }$. Firingst 

50* 23 2541 
50* 24 2555a 

Results 

Hit Rd. »Ip. 22 - Disregard 
PP--SB    FS 1-7/16» x 2" 

aAW Ballistic Limit 2588 f/s. 

Cal, .50 AP 112 Projectiles full:' Yawed; 
0* 25 2184 CP-PTP 
0* 26 215oa,n CP-PTP 
0° 27 2H5a>n IT-jffl 

aAnv Ballistic limit 21D3 f/s, 
»fl&vy Ballistic Unit 2133 f/s. 
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COPY 

7yfifi»ft®&mqs2Dr 

WAS 3*?AR&*IIX ''Hilf 
AIB COUPS 

MA^miEL DIVISION 
Office of the Ordnance Officer Cud:faw;95 

r. - 

WP oo 470.55 

Subject:    Ballistic Limit Curves 
for Armor Plate and Dural. 

Wright iield,  Dayton, Ohio 

January 13,  19 43. 

To: Commanding Officer 
Watertown Arsenal 
Watertown, kassachusetts 

Attn:    Ferrous Metallurgical Advisory Board, 
Colonel H. H.  Zornig. 

1. Attached are curves giving the "ballistic limit of various 
thicknesses of 2^ST Dural as taken from Aberdeen Proving Ground Beport 
AD-69. 

2. It is to he noted taat the armor plate is specification re- 
quirements under Ai.TOS-1 and,  therefore, the direct relationship between 
Dural and specification limits under AuOS-1 is not exact. 

3. If these curves meet with your approval, it is requested that 
copies be furnished to members of the Aircraft Ärmer Fabricators' liroup 
of the Subcommittee on Welding of Armor Plate. 

r 

[~ 

(S/T)  C. K. KOBGsAN, 
Colonel,  Ord.  Dept., 
Ordnaiic* Officer. 

1 Incl. 
Set of Pnot0 3tat3. 

HififfiiCTiD 
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COPY 

VIF 00 470.55 
y;.A. 470.5/5876 1st Ind. lIAM/SULLIVAil/amv 

T'fatertown Arsenal, 7/atertown, Massachusetts, January 25, 1943. 

To: Chief of Ordnance, U.S.A., Pentagon Building, 'Washington, D. C. 
Attn: SPOTD 

1. In reference to the data accompanying the basic letter, it 
is felt that a more comprehensive report would better fulfill require- 
ments of the Aircraft Armor Fabricators Group of the Subcommittee on 
Tfelding of Armor. 

2. It is suggested that this Arsenal prepare a report covering 
several tests of dural and other light alloys in which an analysis 
of the results of such tests would be madq. Such a report would pre- 
sent a more complete picture of the situation and afford a basis for 
determination of the relative value of the different materials as 
armor in aircraft. 

3. Permission to prepare and distribute such a report is 
sought of his office. 

For the Comnandinp 0 -'ficrr: 

H. H. ZORNIG 
Colonel, Ord. Dept. 
Director of laboratory 

1 Incl. 
Set of Photostats 

•   • 
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COPY ; '•:-■ 

O.O. 470/4350 (r) ;:■'■','■;: 
Attn» SPQTB 'Tebster/fr       >  '.v 
Y7.A. 470,5/5876 2nd Ind. 2300 ["' ' "# 

ITar Department, Ordnance Office, Washington, D. C. February 9, 1943,       ;•■!>- >s,~" > 

To: Commanding Officer, Yfatertown Arsenal, 'Vatertown, Mass. !■"-".""> 

1, It is authorized that a substantially informative report be * 
compiled by the laboratory to give data usable in design particularly for 
aircraft use. It is suggested that known data on duralumin (especially 
24ST with 14ST) be collated in such graphical presentation to afford easy      ;'■-;'. 
use for the designing engineer. Furthermore, distribution of this report 
should be made to fabricators through "/right Field for aircraft and through.    ..... 
Tank Automotive Center for combat vehicles, g 

2, In compiling this report, the Aberdeen Proving Ground tests 
noted in basic letter, the r,'atertown Arsenal data and the reports from the 
Naval Research Laboratory should be analyzed. To completely collate and 
combine these data, the ballistic limits should be based on the Navy        '» • " ' 
Criterion, thus giving the upper immunity limit directly. Also, if plots        • 
are based on the ratio of actual thickness of plate to diameter of pro- 
jectile (e/d cos 8)j various projectiles and thicknesses of plate can be     ">'.'''■'■ 
directly compared. For the thickness of light alloys instead of e, the 
use of ei, or the equivalent thickness of steel will afford also direct 
comparison with steel armor. These comparisons with fao*-hardened and      j[_ ■ ■' • ,.-■ ~; 
hard homogeneous should also be shown. L  • 

3, The following pertinent reports from the Naval Research "■.••>"•/• 
Laboratory are cited: !-.- -v .; 

»■• Attached copy of Plate I, Second partial geport on Light Anu*r; 
Composite uses of duralumin, Fourth Partial Report on Light Armor; 
Use of shielding structures, Fifth partial Report on Light Artotrj 
Use of duralumin, Seventh partial Report on Light Armor} 
Comparison of duralumin with face-hardened armor plate, Eighth 
Partial Report en Light Amorj  and 
Paragraph 35, page 11, Ninth Partial Report on Light Armor. 

4,      If copies »f any of these reports are not available,  this office 
will furnish them upon request,    please expedite and return to this office. 

By Ordor of the Chief of Ordnance: 

(S/T)G« ~lkins Knable, 
Col,, Crd. Dept., 

Incls.: ;.j3i3tant. 
1 - net of Photostats (12 sh.-ets) 

w/plate 1 b. Chart. 
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Drveltpicker.t -;f Analyses  for Face hardened Air- 
craft Amor.    Amor Test report Mo, AD-148. 
?• f- Proving Contor, A-< 'rdeen ,'rovj.r.g Ground, 
• aryland,  15, It, ^2, *kiceir.bor 1942. 

APG-AD-ülP 

DevelGjjcer.t Teat of&-75 S-t Alu^inun All>y Air- 
craft Anr.cr.    Amor T«:; eport •   A->-' 18. 

prr,rA,,(, rt.fiter, A>-r icer. Proving ('.round, 
'!ar.'iüt;'J,  30 January  i.>"«3. 

rT 

Key to Sources of Data Indicated in Appendix A - Table 1; 
Appendix B - Table 1; Appendix C - Tables 1, Z, 3; Appendix 0 - 
Table 1. 

Symbol 

APG-A7196 

APG-A7472 

APCHL9485 

AFG-A9486 

AFO-AD-52 

Reference 

APG-AD-69 

APG-AD»147 

Development test of Amor Plate.    Firing Record 
T*o. A7196.    The Proving Center, Aberdeen Proving 
Ground, Maryland, 25 February 1943. 

Armor test Report No. A-7472.    The proving Center, 
Aberdeen Proving Ground, Maryland, 
15, 16, July 1943. 

Armor tost Re >ort No. A-9485.    The Proving Center, 
Aberdeen Proving Iround, Maryland, 
'60 September 1943« 

Armor Test Report ITo. A-9486,    The Proving 
Conter, Aberdeen Proving Ground, Maryland 
30 September 1943. 

Development of Chemical Analyses for Face 
Hardened Aircraft Armor.    Armor Test Report 
No. AD-52.    The Proving Center, Aberdeen Proving 
Ground,    aryland, 29 September 1942, 

Development of 24ST Duralumin for Aircraft 
Amor.    Amor Test Report !'o. AD-69,    The 
^roving Centor, Aberdeen Proving Ground, 
"iiiryland,  11-10 November 1342. 

Development of Analyses  for Face • ardened Air- 
craft Armor.    Amor Test i'.epcrt No,  .J5-147. 
The Proving "enter, Aberdeen Trcwing Ground, 
I aryland, 13 December 1VS42» 

■  •» -   '-■-^-»   :_ .  » -  x  _   t - . *  -  «-- 
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Symbol 

NPG-18-43 

Reference 

NRIHXL745 

V;.A. 710/456 

TA 710/493 

YJ.A. R-2182 

"f.A. R-2183 

•;,/., R-2164 

Ballistic Performance of 24ST aluminum Alloy- 
Protection Against Aircraft Projectiles. 
Ü. S. Naval Proving Ground, Dahlgren, Virginia. 
Report No. 13-43, 10 August 1943. 

Eight Partial Reports on Light Armor.    The 
Performance of Bullet proof Steel and Aluminum 
All ys Against Small Caliber A.P. Bullets and 
the Effect Upon Plate Performance of Bullet 
Fracture and Obliquity.    0. R. Irwin and 
C. H. Kingsbury, Naval Research Laboratory, 
Anacostia Station, "Washington, D. C. 
22 my 1941.  (Confidential) 

Rolled Armor - Ballistic Properties of Rolled 
Face Hardened and Rolled Homogeneous Armor of 
Various iiardnesses at Normal Incidence and at 
Various Obliquities.    J. Sullivan, Tfatertown 
Arsenal Laboratory, lixpprimental Report 
No. 710/456, 20 September 1942. 

Aircraft Armor - JLn Analysis of Firings of 
Rolled 7 omogeneous Armor Submitted under 
Specification AH06-1.    J» Sullivan, "atertewn 
Arsenal Laboratory, Experimental Report 
No. ML 710/493, 15 October 1943. 

Tfatortcwn Arsenal Firin.3 ] ange Record 'Jo, R-2182. 
See Appendix B - Ballistic data sheet Ho, 5. 

Watertown Arsenal Firing Range Record No, R-2185. 
See Appendix B - Ballistic data sheet No4 6, 

"Jatertown Arsenal Firing Range Record Mo. R-2104. 
See Appendix B - '-allistic data sheet No. 4. 

* . • 

1J-.. R-21G5 

V/.A. R-2186 

MA. R-2187 

Vf.A. R-2546-48, 
50-56, 6ü,0ü,€9, 
74-34,89. 
V.'.A. F-V.41G, 
10-20, 3G-59, 
45, 4C,  4fl, 
50-55. 

v/atertewn Arsenal Firing Range Record No. R-2165. 
Appendix B - Ballistic data sheet No. 3. 

Watertown Arsenal Firing ' an ;e l ecord "o. R-2186. 
See Appendix 0 - Ballistic data sheet No. 2, 

'Jatortown Arsuial Firing Har.j'e Uncord "o. R-2187. 
S*re Appendix B - '^iiiütic :.'ata sheet No. 1, 

.atertown Arsenal Firing Range Hecords NfS. 
2340     1.455.    Soe also   /atortown Arsenal Labor- 
atory Experimental report No. '"AL 710/265. 
aircraft i.rikor - !alli:>tir. Characteristics of a 
llagnesiuBi Alloy Do?/netal (Tyi>e ys), J. Sullivan 
£2 October 1943. 
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KEY TO gmMUSimS  USED IK LaLIIbTIC J^Tü &H. E2S 

BC - Back crack. 

iS - x5ac/;. spall. 

CIP - Core of proje;tile retained in plate. 

CP - Complete penetration. 

FPTP - Projectile failed to pass through plate. 

PS - Face spall. 

LB - Large bulge on back of impact. 

KB - Ledium bulge on back of impact, 

PP - Partial penetration, 

PTP - Projectile pa-.r.ed through plate. 

SB - Small bulge on back of impact. 
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ABSTRACT: 

Known data concerning the ballistic characteristics of (ace hardened steel, rolled homogeneous steel, dural- 
uminum, and Downmetal have been collated and analyzed.  Wherever desired data have been scarce or 
non-existent, firings have been conducted to supply the necessary Information.   Factors affecting the man- 
ner of failure of armor have been reviewed in an effort to explain the alternative superiority of different 
materials under diffrent conditions of attack.  Data have been tabulated and represented graphically, and 
by various, superposition of these graphs estimates of the precise conditions under which one material sur- 
passes others have been made. A graph enabling the designer to make a substantially accurate determina- » 
tion of the most efficient feasible design of armor has been drawn. The reactions of the several materials 
to shock, high velocity perforation, and'low temperature have been discussed. 
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